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Abstract 
 
Dialkyl carbonates are important industrial compounds that have a low toxicity and are 
readily biodegrade, also replacing some highly toxic and corrosive reagents in organic 
chemistry. There are a number of synthetic routes towards the synthesis of dialkyl 
carbonates, including two commercial processes (ENIChem S.p.A. and UBE Industries, 
LTD). The ENIChem process involves the carbonylation of methanol in the presence of 
CuCl2 as a catalyst. The major drawback of this process is in the use of an explosive 
gas mixture (CO/O2) under certain conditions. The UBE process is a two step reaction, 
whereby the methanol reacts with O2 and NO in the presence of a PdCl2 catalyst to form 
methyl nitrite and water, followed by carbonylation of methyl nitrite to form DMC and 
reform NO. The major drawback associated with this process is in the combination of 
methanol, nitric oxide and oxygen which is also explosive under some conditions. 
 
The transesterification reaction between a cyclic carbonate and an alcohol in the 
presence of a catalyst provide an alternative route towards synthesis of dialkyl 
carbonates, producing a glycol as by-product. This synthetic route is environmentally 
friendly, decreases explosion possibilities, and the reagents employed in this process 
are less hazardous than those of other processes. The main aim of this study was to 
identify and optimise the catalyst systems that could promote the transesterification 
reaction effectively. A number of homogeneous and heterogeneous, acidic or basic 
catalysts were evaluated during this study.  
 
The study revealed that basic homogeneous catalysts such as TBD, DBU, DBN, MTBD, 
DABCO, and Verkade bases are effective for the transesterification reaction. The basic 
heterogeneous catalysts such as Amberlites® IRA 96, IRA 67 and IRA 400 showed 
good catalytic behaviour, but they eventually became deactivated. On the other hand, 
homogeneous Lewis acids such as La(OTf)3, Gd(OTf)3, and Sm(OTf)3 demonstrated 
good activity, even though they need high temperatures, i.e. 150 °C. The 
heterogeneous acidic systems such as Amberlyst® 15, Amberlyst® 36, silica, alumina, 
etc., showed much lower activity, if any was observed. 
 
 ix
Due to the fact that these reactions were carried out above room temperature and 
analysed at room temperature in the GC, it was important to understand the equilibrium 
shift under such temperature variations, and NMR studies were used here. There was 
no significant difference in equilibrium conversion between the NMR reactions and the 
autoclave reactions (analysed in a GC), indicating slight influence of temperature 
variation. The results obtained from the NMR study were used to calculate the reaction 
kinetics. The calculations indicated a direct proportional increase of the rate with respect 
to the catalysts pKa values. 
 x
CHAPTER 1 
 
 
Literature Review 
 
Introduction 
 
Dialkyl carbonates such as dimethyl carbonate (DMC) have attracted substantial 
research efforts in recent years (1990-present). DMC is an important industrial 
compound due to its low toxicity and biodegradability thereby making it environmentally 
benign. This molecule is used as a substitute for dimethyl sulfate, phosgene and methyl 
halides that are corrosive and toxic carbonylation and methylating agents. DMC and 
diethyl carbonate (DEC) are strong contenders to help the refining industry meet the 
clean air specifications for oxygen in gasoline. DMC has three times the oxygen content 
as compared to methyl tert-butyl ether (MTBE) and it also has a blending octane value 
of 105 in fuel. 
 
The current world production capacity of DMC is estimated to be approximately 
1.8×1014 L/day with only eight or nine plants in operation. The largest plant in the world 
is that of ENIChem, which is based on the oxidative carbonylation of methanol in the 
presence of Cu(II)-salt as a catalyst. Other producers use different technologies such as 
phosgene methylation, and the UBE technology that utilises nitric oxide as oxidising 
agent. 
 
The anticipated need of US major refiners is in the order of between 7.49×1014 L/day 
and 1.58×1015 L/day to replace MTBE as a fuel additive. Taking into consideration that 
the environmentally unfriendly process of phosgene methylation will be phased out in 
the future, together with an increasing demand for alternatives such as DMC, scale-up 
of current world DMC production would be necessary. 
 
This chapter is separated into two sections. The first section will discuss carbonates in a 
broader perspective, where the second section of this chapter will deal with 
transesterification reactions in general. 
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Section A 
 
Dialkyl Carbonates: A literature Review 
 
1.1 Introduction 
Dimethyl carbonate (DMC) is an environmentally benign chemical and a versatile 
intermediate for organic synthesis.1 It can be used as an important methylating and 
carbonylation agent, substituting toxic agents such as dimethyl sulfate, methyl halides 
and phosgene.2 DMC has high oxygen content (53.3%) with a blending octane value of 
105. Due to its high octane value, DMC has a strong potential to replace part of the 
growing worldwide methyl tert- butyl ether market as a gasoline-blending agent.3 DMC 
can also be used as a solvent in the synthesis of aromatic polycarbonate resins. 4
 
1.2 Physical properties of organic carbonates 
Industrially important carbonates include dialkyl carbonates, cyclic carbonates and 
diaryl carbonates (Figure 1.1). Dialkyl carbonates such as dimethyl carbonate, diethyl 
carbonate (DEC) and diallyl carbonates (DAC) are colourless liquids with a pleasant 
smell. Cyclic aliphatic carbonates such as ethylene carbonate (EC) and propylene 
carbonate (PC) are colourless crystalline compounds with low melting points, while 
diaryl carbonates are solids with high melting points (up to 400 °C).5  
 
DMC is the largest volume product of all dialkyl carbonates, and hence there is an 
amount of data contained in the open literature available on it. It is a transparent liquid 
with boiling and melting points of 90 °C and 4 °C, respectively. It is sparingly soluble in 
water and miscible with most organic solvents; most particularly polar solvents such as 
esters, ethers, ketones and alcohols.6  This compound is extremely stable to pyrolysis 
at temperatures up to 350 °C.7 It undergoes base or acid catalysed hydrolysis to 
methanol and carbon dioxide, and has versatile chemical reactivity.8  
 
 2
OO O
CH3H3C
OO
O
OO
O
CH3
O
O O
CH2CH3CH3H2C
O
O O
O
O O
DAC DPC
EC PC
DMC DEC
 
Figure 1.1: Industrially Important carbonates 
 
1.3 Classification and applications of organic carbonates 
Organic carbonates can be classified according to their chemical nature, i.e. aliphatic 
alkyl carbonates (e.g. dimethyl carbonate, diethyl carbonate, dipropyl carbonate, etc), 
cyclic carbonates (e.g. ethylene carbonate and propylene carbonate) and diaryl 
carbonates (e.g. diphenyl carbonate). Each class of carbonates will be discussed briefly 
in the following paragraphs.  
 
1.3.1 Diaryl carbonate 
Diphenyl carbonate (DPC) is also an industrially important carbonate, as it has a wide 
range of applications in both the chemical industry and the pharmaceutical industry. It is 
used as an intermediate for the synthesis of low molecular weight aliphatic 
monoisocyanates starting from the corresponding ureas.9 DPC can also be used to 
increase the viscosity of polycondensates such as polyamides and polyesters.10
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1.3.2 Cyclic carbonates 
Another important class of industrially produced carbonates is cyclic carbonates such as 
EC and PC. They are polar molecules and hence are excellent solvents (e.g. good 
solvents for dissolving poly-acrylonitrile).11 These cyclic carbonates can also be used as 
additives for hydraulic fluids12 and solvents with superior cleaning power can also be 
formulated from cyclic carbonates.13 In addition, these molecules find various 
applications in organic transformations. For example, polymerisation of ethylene 
carbonate yields poly-ether carbonates, arising due to the partial elimination of carbon 
dioxide.14 Hydrolysis of cyclic carbonates produces high purity 1,2-diols. Furthermore, 
they react readily with carboxylic acids forming 2-hydroxyethyl esters.15,16
 
1.3.3 Dialkyl carbonate  
Dimethyl carbonate is the highest production volume carbonate in the class of dialkyl 
carbonates. The characteristics of DMC, together with its non-toxicity are very attractive 
for the chemical industry. The most relevant and meaningful applications for DMC will 
be summarised shortly.  
 
Due to the excellent solvent properties of diethyl carbonate, it finds its applications 
where a pure neutral solvent is required. It also finds application as an intermediate for 
the synthesis of various pharmaceuticals as well as in the synthesis of urethanes and 
ureas.17
 
Diallyl carbonate (DAC) also has significant industrial importance. It finds application in 
the manufacture of optical plastics with outstanding properties such as optical clarity, 
which are useful in lens applications.18 DAC can also be used to modify vinyl polymers 
and a blossom-thinning agent for fruit trees.19,20,21
 
1.3.3.1 DMC as a chemical intermediate 
Methylation and carbonylation reactions are very important in organic synthesis. 
Normally methyl iodide or dimethyl sulfate are used as methylation reagents,22 but the 
major drawbacks from an environmental point of view is that dimethyl sulfate and methyl 
iodide are toxic and corrosive chemicals. The methylation reaction requires a 
stoichiometric amount of base and produces a stoichiometric amount of inorganic solids 
such as sodium iodide. By using DMC as a methylating reagent these disadvantages 
 4
can be overcome if the reaction proceeds in the presence of an appropriate catalyst 
(Scheme 1.1).23
Instead of:
CH2CN CH3OCOCH3
O
cat. CHCN
CH3
CH3OH CO2
CH2CN CH3I NaOH CHCN
CH3
NaI H2O
 
Scheme 1.1 
 
A reaction of aniline with dimethyl carbonate under gas liquid phase-transfer catalyst 
(GL-PTC) conditions to yield N-methyl aniline (NMA) was reported by Trotta (Scheme 
1.2).24 NMA is an important intermediate for the production of synthetic dyes. In this 
reaction, aniline was converted into NMA with high selectivity (91%), with less than 1% 
of the dimethylated by-product (N,N-dimethyl aniline) being formed. 
  
cat.NH2 CH3OCOCH3
O
NHCH3 CH3OH CO2
 
Scheme 1.2 
 
Due to the fact that dimethyl carbonate is a highly selective methylation reagent, the 
above-mentioned approach overcomes the problems associated with the use of 
conventional methylation reagents such as methyl halides, which give a mixture of 
mono- and dialkylated anilines.   
 
The carboxylation reaction is also a very important organic transformation. Phosgene 
has been employed as a carboxylation agent in for example, the production of toluene 
dicyanate. The obvious drawback of this reaction is the toxicity and corrosivity of 
phosgene as well as the need to handle large amounts of sodium chloride produced as 
a by-product. Thus, DMC is an alternative reagent to phosgene (Scheme 1.3).26 
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Phosgene route: 
CH3
NH2
NH2
2Cl C Cl
O
CH3
N
N C O
C O
H2O4 NaOH 44 NaCl
 
DMC route: 
NH2 CH3OCOCH3
O
NHCOCH3
O
CH3OH
N C O CH3OH
 
Scheme 1.3 
 
DMC appears to be an ideal reagent under gas-liquid phase-transfer catalysis (GL-PTC) 
conditions. This molecule acts as an alkylating reagent under these conditions with high 
selectivity when reacted with aromatic primary amines such as aniline (Scheme 
1.2).24,25 Furthermore N,N-dimethylaniline is formed if the reaction is carried out under a 
continuous flow reactor set-up, and is catalysed by supported K2CO3. On the other hand 
when this reaction is carried out in a batch reactor system and catalysed by NaOCH3, 
the formation of a carboxymethylated product is prevalent (Scheme 1.3).26  
 
1.3.3.2 DMC as a solvent 
Dimethyl carbonate provides a viable alternative to acetates, esters and ketones in 
many solvent applications, ranging from paints to adhesives, due to its solvency 
power.27 DMC is well established amongst the other dialkyl carbonic acid esters, which 
are available by the transesterification reaction and whose properties can be tailored 
according to the target applications (e.g. in the field of lubricating oils).28 As a non-
aqueous electrolyte component, DMC is finding increasing application in the field of 
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lithium rechargeable batteries.29 Another example of DMC application is as blowing 
agent in the polyurethane foam after the ban on CFC.30
 
 1.3.3.3 Dimethyl carbonate as a fuel additive 
In recent years, DMC has been considered for its addition to fuel as oxygenate to 
reduce vehicle emissions associated with environmental issues and health risks.31 This 
is because of its high oxygen content (53 wt%) which makes it an outstanding 
oxygenate, and hence a very good blending component for environmental gasoline.32 
The currently preferred oxygenates used as fuel additives such as ethanol and methyl 
tert-butyl ether have limitations. In particular, the use of ethanol raises fuel Reid Vapour 
Pressure (RVP), that results in excessive evaporation from the fuel tank, which may 
lead to both environmental and health risks.33 Ethers such as MTBE and tert-amyl 
methyl ether (TAME) have relatively low oxygen content and requires high blending 
volumes to meet fuel oxygen specifications. The use of organic carbonates such as 
DMC can lead to a reduction of the RVP of blended fuel.34  
 
1.4 Biodegradation and toxicity of DMC 
The data on hazards and toxicity of dimethyl carbonate and diethyl carbonate is 
available in the open literature. ENIChem, the largest producer of DMC, classified DMC 
as “slightly toxic”, and as having mutagenic properties.35 Toxicological studies on DMC 
carried out at the Illinois Institute of Technology Research (IITR) on behalf of ENIChem 
involved eye and skin irritancy and dermal sensitisation studies along with oral and 
inhalation studies.36 The results showed that DMC is a non-toxic, non-irritant chemical. 
DEC is listed as an experimental tumorigen and teratogen and as being mildly toxic by 
the subcutaneous route.13  
 
1.5 Production capacity of organic carbonates  
 
1.5.1 Dimethyl carbonate 
In the year 2000, the world production capacity of DMC was estimated to be less than 
1.6×106 L/day with about eight or nine plants in operation (Figure 1.2).37 ENIChem’s 
plant in Ravennia (Italy) was the largest at the time with a production capacity of 
2.8x1013 L/day. This plant employs the oxidative carbonylation of methanol in the 
presence of copper chloride as catalyst. Some producers employ the alcoholysis of 
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phosgene, while another commercial process (UBE) produces DMC using nitric oxide 
as an oxidising agent.  
 
EU Demand (x109 Ton)
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20
40
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140
1999 2000 2001 2002 2003 2004 2005
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9 
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Estimated DMC Demand (2000) (x109 Ton)
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Japan
EU
 
Figure 1.2: Predicted DMC demand for period 1999 to 2005 
 
1.5.2 Cyclic carbonates 
Cyclic carbonates are regarded as specialty solvents by virtue of their high prices of 
about $1000/ton, and hence the production capacity has not shown as much growth 
compared to DMC. The starting material (epoxide) for this process is the cost driver in 
the production of these carbonates, especially in the case of propylene oxide which is 
made by oxidising propylene using hydrogen peroxide. However, there are several 
groups searching for cheaper technology for producing propylene oxide.  Currently, the 
largest ethylene carbonate production plant is one that was commissioned in Taiwan 
during 2000/2001 with a capacity of 40000 t/a.38  
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1.6 Synthetic routes for preparing carbonates 
1.6.1 Methanolysis of phosgene 
The conventional process for the production of DMC is the reaction between methanol 
with phosgene, catalysed by a concentrated solution of sodium hydroxide to produce 
DMC with HCl in the form of NaCl as a by-product (Scheme 1.4).39
O
Cl Cl
CH3OH
HCl-
O
Cl OCH3
CH3OH
HCl-
O
CH3O OCH3
 
Scheme 1.4 
 
The advantage of this process is that it gives a pure product with high yields. However, 
the major shortcomings of this process are the toxicity and corrosiveness associated 
with phosgene as well as the handling of large amounts of NaCl produced in this 
process via the use of NaOH.40
 
1.6.2 Oxidative carbonylation of alcohols 
The synthesis of dialkyl carbonates by the oxidative carbonylation of alcohols is a well-
known redox reaction.41 This process is promising for the preparation of diaryl 
carbonates, even though information on such reactions is still limited to patents.42,43,44 In 
1981, Hallgren45 reported the synthesis of diphenyl carbonate (DPC) by the oxidative 
carbonylation of phenol using palladium as a catalyst (Scheme 1.5). A tertiary amine 
and oxidative co-catalyst for the regeneration of active palladium species were also 
present. However, as a result of low Pd turnover number (approximately 100) the 
catalyst activity was unsatisfactory. 
OH CO O2 cat.
O
CO O H2O
 
Scheme 1.5 
In 1984, a non-phosgene process for the production of DMC was reported by ENIChem. 
This process produces DMC by the oxidative carbonylation of methanol in a liquid 
phase in the presence of a copper salt such as copper chloride.22,46,47 Scheme 1.6 
shows the reaction sequence for the synthesis of DMC in the presence of copper 
chloride.48
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CuCl CH3OH Cu(OCH3)Cl H2O
Cu(OCH3)Cl
CO CuCl CH3O
O
OCH3
2
22
22
O221/
 
 Scheme 1.6 
 
In this reaction, liquid methanol and a gaseous stream of carbon monoxide (CO) and 
oxygen are fed into the reactor. The reaction temperature and pressure range are 120-
130 °C and 2-3 atm respectively.49 Other transition metals such as palladium and 
mercury have been reported to be capable of promoting this reaction. However, in the 
case of Pd and Hg, the reaction does not seem to be selective, and once the metal is 
reduced, it can not be re-oxidised directly.50,51,52 Cuprous chloride (CuCl) was reported 
to be the best catalyst for this reaction, providing good selectivity and reaction rates.  
 
CuCl allows both oxidation and reduction reactions to proceed in the same reactor 
without a loss of selectivity.53 The reaction must be carried out in excess solvent 
(MeOH), to ensure a high methanol to water ratio throughout the duration of the 
reaction. Water forms during the reaction and converts the catalytically active species, 
CuCl and CuCl2 to a variety of hydroxy chloride salts, which are catalytically inactive for 
the production of DMC.54 The major drawback of this process is that the gas mixture 
used is explosive under certain conditions. The consequence is that oxygen must be 
present as the limiting reagent (less than 4 mol% of the reaction mixture).25 Another 
aspect is the presence of a metal chloride salt and water in the reactor, which makes it 
unavoidable to have corrosive dilute HCl present. This situation necessitates the use of 
special equipment thereby adding negatively to the process economics. 
 
1.6.3 UBE process: DMC synthesis 
The UBE chemical company has commercialised a process for the production of 
dimethyl carbonate using palladium chloride in combination with other metals such as 
Fe and Cu. This process has a production capacity of 7.94x1012 L/day,55 and converts 
methyl nitrite into dimethyl carbonate in the presence of CO (Scheme 1.7). 
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Scheme 1.7 
 
This is a two step process, whereby the methanol reacts with oxygen and NO to form 
methyl nitrite and water in the first step. In the second step, gaseous methyl nitrite 
reacts with carbon monoxide over a metal catalyst to form DMC and reform the NO 
required for the first step. A major advantage of this process is the fact that both steps 
of the reaction may be carried out without deactivation of the catalyst since methanol 
and the water by-product do not pass over the metal chloride catalyst. In the ENIChem 
process water deactivation of a catalyst limits the conversion.  Additionally, the process 
is atom efficient and environmentally friendly. However, the main concern with this 
process relates to safety hazards imposed by the reaction mixture combination of 
methanol, nitric oxide and oxygen, which always has to be kept outside the explosive 
limits. Methyl nitrite is highly reactive and must be handled with care and the use of 
nitric oxide is also an additional safety concern of this process. 
 
1.6.4 Reaction of urea with alcohols  
Paquin56 discovered a process for the production of DMC by making use of urea. It 
involves the reaction of an alcohol with urea in the presence of metal salts such as zinc 
acetate and lead acetate to form carbamates as intermediates. Carbonates can be 
formed simply by prolonged reaction times or by addition of triphenylphosphine (TPP) 
as a co-catalyst (Scheme 1.8). 
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Scheme 1.8 
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The major by-product of this reaction is isocyanuric acid formed during the 
decomposition of carbamates. However, this by-product does not form if zirconium or 
titanium or aluminium alkoxide is used in combination with a suitable co-catalyst.57 This 
reaction is carried out at 150-195 °C for 4.5 hours or at 195-220 °C for 14 hours, 
depending on the catalyst system. The yields of carbonates are above 90%, and the 
ammonia formed during the reaction can be recycled for the synthesis of urea.58 Kinetic 
studies of this reaction have revealed that the formation of carbonates from urea 
proceeds in two steps and that the first step (formation of carbamate) is faster than the 
second step (formation of a carbonate).43 This process is environmentally friendly and 
atom efficient, due to the fact the only by-product (ammonia) can be recycled for the 
preparation of urea. 
 
1.6.5 Reaction of epoxides (oxiranes) with alcohols 
Carbon dioxide may be made to react with an epoxide to form a cyclic carbonate,59 as 
shown in Scheme 1.9. A major advantage of this process is the use of supercritical 
carbon dioxide (ScCO2) as a substitute solvent. This solvent is very attractive because 
ScCO2 is non-toxic, non-flammable and inexpensive. ScCO2 can be an advantageous 
reaction medium when it serves as a solvent and a reagent.60  
 
The reaction shown in Scheme 1.9 is normally carried out at 80-120 °C under high 
pressure: at atmospheric pressure the yields are very low, presenting a major draw-
back of this reaction.61 Nishikubo 62 has reported the synthesis of cyclic carbonates by 
the addition reaction of an epoxide (oxirane) with carbon dioxide using polymer-
supported quaternary ammonium or phosphonium salts as catalysts at atmospheric 
pressure (Scheme 1.9). There are three criteria that the catalyst must meet in order to 
have high catalytic activity: the polymer-supported arylphosphonium salt must have a 
low degree of ring substitution, the polymer must have a low degree of cross-linking, 
and must also possess a long alkylene spacer chain. These constraints are not 
insurmountable and this technology represents a major advancement. 
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Scheme 1.9 
 
Xiao63 reported the catalytic production of propylene carbonate from a CO2/ propylene 
oxide mixture in the presence of phthalocyaninatoaluminium chloride or 
tetrabutylammonium bromide as a catalyst. This reaction can also be catalysed by a 
wide range of catalysts such as Lewis acids, transition metal complexes, organometallic 
compounds, or polymer supported metal halides under high pressure.64
  
1.6.6 Dialkyl carbonates from metal carbonates 
Inorganic or metal carbonates may be used to produce organic carbonates. The 
reaction involves the alkylation of metal carbonates with alkyl halides at high 
temperature in polar aprotic solvents using various catalysts (Scheme 1.10).65  
R Br KHCO3
O
C OHOR
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O
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Scheme 1.10 
 
Lissel and Dehmlow66 reported the synthesis of dialkyl carbonates from primary alkyl 
halides (bromides) with a mixture of dry potassium hydrogen carbonate and dry 
potassium carbonate in a phase transfer catalytic reaction. The yield of organic 
carbonate was between 67% and 80%. The synthesis of dialkyl carbonates by the 
reaction of a solid potassium carbonate with alkyl bromide in dimethylformamide using 
an organostannate compound such as hexabutyldistannyl as a catalyst was reported by 
Fujinami.67 Dialkyl carbonate products were obtained in 19-89% yield after ten-hour 
reactions at 80 °C.  
 
This process has some limitations such as low reaction rates of the inorganic 
carbonates with alkyl halides even at elevated temperatures, long reaction times, 
variable yields as well as the fact that the solubility of most metal carbonates in non-
polar solvents is poor. In addition, by-products such as dialkyl ethers are also produced. 
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1.6.7 Preparation of carbonates from halohyrins   
The use of halohydrins as starting material for cyclic cabonates is a non-commercial 
process, requiring the reaction of vic-halohydrins with tetramethylammonium hydrogen 
carbonate in acetonitrile (Scheme 1.11). 68
 
CO2/ acetonitrile
O O
R3R1
O
HR2
CR1
OH
R2
C R3
H
X
(CH3)4NHCO3
20°C
(CH3)4NX H2O
 
Scheme 1.11 
 
This method requires high temperatures and pressures to obtain good yields of the 
carbonate. Alicyclic carbonates can also be prepared in high yields under mild 
conditions and in short reaction times by simply stirring the corresponding vic-halohydrin 
with tetramethylammonium hydrogen carbonate in acetonitrile.69 In these types of 
reactions, bromohydrins react faster than the corresponding chlorohydrins. 
 
1.6.8 Dialkyl carbonates from alcohols and carbon monoxide by elemental sulfur 
Cyclic and acyclic carbonates have been synthesised from the corresponding alcohols 
and carbon monoxide in acceptable yields, by carbonylation of the alcohols with carbon 
monoxide and elemental sufur (Scheme 1.12).70 This is a mild reaction that produces 
the product in acceptable to good yields. 
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1.6.9 Alicyclic carbonates from halogenated carbonates 
Cyclic carbonates may be obtained in 82-90% yield by heating mono- or dihalogenated 
carbonates at 180-200 °C for 1-4 hours, as shown in Scheme 1.13.71 This process 
involves an internal nucleophillic attack of the carbonate onto the alicyclic halide group 
to displace the chloride. The Cl- anion reacts with the cyclic cationic intermediate to 
produce an alkyl chloride as the by-product. 
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Scheme 1.13 
 
1.6.10 Dialkyl carbonates by alkylation of alkali metal carbonates 
Dialkyl carbonates are obtained by passing CO2 through an alcoholic solution of 
potassium ethanolate followed by alkylation with an alkyl halide (Scheme 14).72  
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Scheme 14 
 
1.6.11 Carbonates form carbon dioxide and an alcohol 
An advantage of a method that utilises CO2 as a feedstock is the low cost of this 
material. A problem in many instances with this reaction is an unfavourable 
thermodynamic equilibrium, which is improved only at low temperatures. Bu2Sn(OMe)2, 
metal(IV) tetra-alkoxide, magnesium dialkoxide and other organometallics have been 
reported as catalysts for this reaction (Scheme 1.15).73,74
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The reported catalytic activity is very low even in the presence of promoters and the 
catalysts are also easily decomposed by water and considered not to overcome the 
limits of the reaction.62 Nickel acetate has been reported as a catalyst for the synthesis 
of DMC from ScCO2 and methanol with high yields and selectivity75. The DMC yield 
reported from this process was 62.0 mol% with 99.9% selectivity. 
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1.6.12 Carbonylation of formates 
There has been only one paper reporting on the oxidative carbonylation of alkyl 
formates to alkyl carbonates.76 In this paper, the addition of selenium ion to methyl 
formate as a key step to the formation of DMC is reported (Scheme 1.16). The 
publication claims that the first step is the oxidative addition of methoxide to methyl 
formate, and thereafter the sodium hydrogen selenide reacts with methanol in the 
presence of O2 to regenerate the selenium catalyst. The draw-back of this reaction is 
that it is slow and the scoping experiments performed at Amoco revealed that there is a 
competition reaction with the decarbonylation of methyl formate to form methanol. More 
importantly, this reaction has a high risk imposed by the by-product (H2Se) which is one 
order of magnitude more toxic than H2S.77   
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Scheme 1.16 
 
1.6.13 Electrochemical process for the production of DMC 
The synthesis of DMC has been achieved by direct electrochemical carbonylation of 
methanol. 
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O
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Scheme 1.17 
 
This non-oxidative carbonylation of methanol is thermodynamically unfavourable, but 
can be driven with electrical energy. There are three US patents showing how the task 
may be accomplished.78,79,80 These patents also indicate that the reaction rates are 
slow, and that the incorporation of a group(VIIIB) metal catalyst greatly enhances the 
rates of the reaction. The reaction mixture contains a halide salt electrolyte, methanol 
and a halogenated solvent such as dichloroethane as well as a catalyst based on 
palladium and was pressurised with carbon monoxide. Otsuke81 has reported that the 
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reactor design plays an important role in the success or failure of the reaction, thereby 
bringing another variable into the equation.  
 
1.6.14 DMC from an acetal and carbon dioxide 
This method utilises supercritical carbon dioxide and an acetal in the presence of a 
transition metal catalyst to produce dimethyl carbonate (Scheme 1.18). 
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Scheme 1.18 
 
This reaction is catalysed by Bu2Sn(OMe)2 at 300atm and 180 °C for 24 hours.82 The 
yield reported for this reaction is in the order of 26 %. DMC yield increased steadily with 
an increase in CO2 pressure, and the change was significant in the region of 100 
atmospheres, where yield reached 88% after 24h at 2000 atm.83
 
1.6.15 Dialkyl carbonate synthesis by alcoholysis reactions. 
Dimethyl carbonate behaves as an ester in solution and it therefore reacts with alcohols 
yielding ester exchange products along with methanol in transeserification reactions 
(Scheme 1.19). Transesterification can be carried out using basic or acidic catalysts in 
homogeneous or heterogeneous systems. This reaction will be discussed in detail 
below. 
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Primary alcohols react better than secondary analogues, and tertiary alcohols are 
almost inactive. The basicity trends of alkoxides follow the order tertiary > secondary > 
primary. Since the carbonate interchange reaction is controlled by the concentration of 
the alkoxide anion, the tertiary alkoxides are present in lower concentrations at 
equilibrium due to the pKa values, the steric hindrance due to the alkyl chain increases 
in the series 1°> 2°> 3° alcohols, also leading to lower conversions.84
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1.6.16 DMC from methanol and cyclic carbonates 
DMC can be synthesised from epoxide compounds such as ethylene oxide or propylene 
oxide by a two-step reaction in which the formation of a cyclic carbonate is involved 
(Scheme 1.20).85 This route is promising for a large-scale commercialisation.86
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Scheme 1.20 
 
In the first step, an epoxide reacts with carbon dioxide in the presence of an appropriate 
catalyst to form a cyclic carbonate (EC or PC). The second step involves the conversion 
of ethylene carbonate/propylene carbonate to DMC and ethylene glycol/propylene 
glycol via transesterification. The glycol produced in this reaction is very useful as it has 
many applications both in the chemical and pharmaceutical industry. This method is 
viewed as a green chemical process that converts a waste greenhouse gas (CO2) into a 
valuable compound with 100% atom economy.87  
 
Since the latter type of reactions, namely the transesterification of cyclic carbonates to 
form DMC and a glycol, would form the basis of the present study, it was decided to 
delve into the approach in more detail, starting from simple esters. Section 2 of this 
chapter will provide a literature review of the transesterification reaction, with the view to 
developing a route for the co-production of dialkyl carbonates and the corresponding 
glycol. 
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Section B 
 
Transesterification: literature survey  
 
1.7 Introduction 
Based on Section 1 of this chapter, it is clear that dialkyl carbonates represent a 
valuable group of compounds that is growing in importance and in sales/production 
volumes. There are two major synthetic routes towards dialkyl carbonates, i.e. the 
ENIChem oxidative carbonylation route and the phosgenation of methanol route, each 
of which has its drawbacks as discussed in the first section of this chapter. Based on 
that information it was decided to conduct a detailed study of the transesterification 
route to dialkyl carbonates. Hence, this section will focus on the open literature based 
on catalysts for transesterification in general and thereafter on the catalysts specifically 
used thus far in the synthesis of dialkyl carbonates via the transesterification reaction 
between an alcohol and a cyclic carbonate (EC or PC). 
 
1.8 Transesterification reaction  
Transesterification is a well-known reaction that has been described extensively in the 
open literature.  In general, transesterification is a reaction of esters with alcohols in the 
presence of heterogeneous or homogeneous catalysts (Scheme 1.21). It is an important 
organic transformation and provides essential synthons for a number of applications in 
the field of organic synthesis.88 This reaction is equilibrium-controlled and is catalysed 
by acidic or basic catalysts such as tertiary amine ion exchange resins, sodium 
chloroacetate, alkali alcoholates, Zr-, Ti- and Sn-based homogeneous catalysts, acidic 
ion exchange resins bearing sulfonic acid and carboxylic acid functional groups, as well 
as enzymes. The base-catalysed reaction appears to be most effective as compared to 
the acidic catalysts.89 Transesterification can be classified into three categories, i.e. 
heterogeneous, homogeneous and enzymatic catalysed transesterification. 
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Scheme 1.21 
 
1.9 Transesterification catalysed by enzymes 
 
Enzymes are proteins and biological catalysts used by living organisms. These 
extraordinarily good catalysts have pockets called active sites where the substrate 
specifically fits and binds. All of the bond formation and bond breaking takes place at 
the active sites.90 Recently, enzymatic transformations in organic media have attracted 
much attention. They offer various advantages over chemical synthesis such as lower 
energy requirements, enhanced selectivity and quality of the product. Although aqueous 
enzymology is mostly practiced, the use of non-aqueous systems has grown 
considerably in recent years due to its applications in the fine chemical, agrochemical, 
perfumery, flavour, pharmaceutical and drug industry. Lipases are the most widely used 
and investigated of all enzymes. This is due to their stability at elevated temperatures, 
over a wide pH range, ease of handling and ability to be recycled. However, the high 
costs of the soluble enzymes severely limits their use for commercial purposes outside 
of the high-value industries listed above. Yadav91 has reported the synthesis of 
tetrahydofurfuryl butyrate by transesterification between tetrahyrofurfuryl alcohol and 
ethyl butyrate catalysed by a lipase (Scheme 1.22).  
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Scheme 1.22 
 
The specific type of lipase used in this reaction is Novozym 435, which is derived from 
Candida antartica. Conversions of about 60 mol% were obtained at 30 °C with 
selectivity of 99.9% for the product shown.  Immobilization of these lipases ensures 
reusability and provides ease of product work-up, thus overcoming one of the draw-
backs associated with their use. The immobilization of Candida antartica lipase B on 
mesoporous silica was recently studied by Yadav.92 The supported form of this catalyst 
was then tested for transesterification of p-chlorobenzyl alcohol and vinyl acetate 
(Scheme 1.23). 
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Scheme 1.23 
 
 A conversion of 68% with 100% selectivity for the benzyl acetate was obtained at 30 °C 
within 120 minutes. It is also reported that this catalyst shows excellent reusability with a 
decrease of only 4% in the overall conversion of the transesterification reaction even 
after the fourth reuse. Athawale and co-workers93 published the synthesis of 
methacrylate ester of citronellol from (-)-citronellol using lipases catalysts (Scheme 
1.24).  
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Scheme 1.24 
Citronellyl acetate and citronellyl propionate are used in the perfumery industry for fresh 
fruity rose odour. These esters are commonly synthesised by chemical methods using a 
strong acid catalyst, but this method has certain draw-backs such as the formation of 
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undesirable by-products, which can have an adverse effect on the characteristic odour 
of the esters.  The conversion of (±)-citronellol to (-)-citronellol methacrylate, a chiral 
resolution reaction, was reported.94 The product was obtained in a yield of 47.3% and 
92.5% enantiomeric excess at 30 °C using a supported lipase catalyst. This reaction 
demonstrates one of the most important characteristics of enzymes, namely the ability 
to discriminate between enantiomers.  
 
Hazarika95 has studied the synthesis of enantiomerically pure chiral-acetyl-2-O-
benzylglycerol via the transesterification of prochiral 2-O-benzylglycerol with vinyl 
acetate catalysed by Pseudomonas cepacia (Scheme 1.25).  
 
CH2OAc
2
CH3 C
O
O CH CH2
C
O
H
O C H
CH2OH
CH2OH
CH2
O C H
CH2OH
CH2O C HCH2
CH2OH
CH2OAc
(R)  isomer-  isomer-(S)
 
Scheme 1.25 
 
One of the novel approaches towards clean and green chemistry is the application of 
microwaves, which is a relatively convenient, safe and rapid methodology. Since lipase-
catalysed transesterification reactions are slow in nature, a potential synergy with 
microwaves can be anticipated to enhance the rate of the reaction. Yadav96 investigated 
the synergism between enzyme catalysis and microwaves on the transesterification of 
methyl acetoacetonate with different alcohols (Scheme 1.26). 
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Scheme 1.26 
 
From this study, it was concluded that there is indeed a lot to be gained by employing 
enzyme catalysis in the presence of microwave irradiation, since these reactions 
proceeded much faster than those conducted using conventional methods of heating.  
 
Transesterification of vegetable oil with alcohols has long been a preferred method for 
producing biodiesel.97 Vegetable oils are natural products that are abundant in plants. 
They are a combination of glycerol and different fatty acids. Biodiesel fuel produced 
using this transesterification process is already on the market in some countries such as 
those in North America, some European countries and in Japan.98 The major draw-back 
with this reaction is that diglyceride, monoglyceride and commercially important fatty 
esters are produced, which poses a problem during product purification and catalyst 
recovery.99
 
Jitputti100 studied the preparation of biodiesel via the transesterification of palm kernel 
oil and crude coconut oil using metal oxide catalysts such as ZrO2, ZnO, SnO2/ SO42-, 
BrO2/ SO42-, KNO3/ KI zeolites and KNO3/ ZrO2, and have shown that all of these 
materials show a potential to be used as heterogeneous catalysts for these reactions. 
Transesterification of soybean oil over potassium loaded onto alumina has been 
reported by Xie.101 On the other hand, Park and co-workers102 reported the use of a 
heterogeneous NaOH supported on alumina as a good catalyst for the 
transesterification of soy bean oil with methanol to yield biodiesel.  
 
1.10 Heterogeneous transesterification 
 
In a heterogeneously catalysed transesterification reaction, the catalyst is insoluble in 
the reaction mixture wich consists of the ester and alcohol.103 This is the most peculiar 
advantage of this type of reaction, because the separation of a catalyst from the 
reaction mixture is very easy. This class of catalysts is useful in transesterification of 
DMC with phenol to yield diphenyl carbonate (DPC) as shown in Scheme 1.27. DPC is 
important in preparing polycarbonates that are important engineering thermoplastics 
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with good mechanical and optical properties as well as possessing electrical and heat 
resistance. These materials are useful for many applications.104 This process is the 
most practical non-phosgene process for manufacturing polycarbonates.  
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Scheme 1.27 
 
Ono and Fu105 reported the use of MoO3/SiO2 as a catalyst for the transesterification 
between phenol and DMC to yield DPC. This catalyst shows high activity and selectivity 
for transesterification. TiO2/SiO2 has also been reported as an effective catalyst for this 
reaction.106 Synthesis of diphenyl carbonates from dimethyl carbonate and phenol via 
transesterification over Pb- and Zn- double oxide catalysts was also reported by 
Wang.107 Unfortunately, the transesterfication rate was found to be too slow with the 
formation of an azeotrope between DMC and methanol causing separation problems.108 
Several alternative methods for the synthesis of DPC have been developed or 
proposed,109 e.g. oxidative carbonylation of phenol and the transesterification reaction 
with phenol. These processes suffer from low phenol conversions and poor diphenyl 
carbonate selectivity.110  
 
Another alternative non-phosgene DPC synthesis is the transesterification of dimethyl 
oxalate with phenol to yield diphenyl oxalate, followed by decarbonylation of this product 
to produce DPC as shown in Scheme 1.28.111
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Scheme 1.28 
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This transesterification method is more effective because there is no azeotrope formed 
in the reaction system; co-products of methanol and CO can be separated more easily. 
The methanol and CO produced during the transesterification and decarbonylation 
reactions, respectively, can be reused in the dimethyl oxalate production via oxidative 
carbonylation of methanol. Recent work by Wang112 demonstrates the synthesis of DPC 
by transesterification of dimethyl oxalate with phenol using TiO2/ SiO2 as catalyst. It is 
reported that this catalyst exhibited good activity and excellent selectivity to methyl 
phenyl oxalate and diphenyl oxalate in the transesterification of dimethyl oxalate and 
phenol. This desirable catalytic activity of TiO2/SiO2 could be ascribed to its weak Lewis 
acidity. Several groups reported the reactivity of a number of Lewis acid catalysts for 
transesterification of dimethyl oxalate with phenol such as Sn-modified titanium silicate 
TS-1,113,114,115,116,117 silica supported molybdenum oxide (MoO3/SiO2),118 bimetallic 
molybdenum (VI) and tin(IV) (MoO3-SnO2/SiO2),119 and SnO2/SiO2.120 Application of Al-
Mg hydrotalcite and MgO as heterogeneous basic catalysts for transesterification of 
dimethyl terephthalate with ethylene glycol was investigated by Di Serio.121 These 
catalysts were found to be particularly suited to these transformations.  
 
Transesterification of alkyl esters plays a very important role in numerous applications 
such as the production of biodiesel,122 polyesters in the polymer industry and in the 
curing of resins in the paint industry.123 Transesterification of alkyl esters can be 
performed using acid catalysts, such as sulfuric, sulfonic, phosphoric and hydrochloric 
acids124 or base catalysts such as metal hydroxides,125 metal alkoxides,126 alkaline-
earth metal oxides127 or hydrotalcites.128 However, base catalysts are preferred over 
acids because of the higher reaction rates and the lower process temperatures.115 MgO 
was then investigated by Dossin and co-workers129 as a heterogeneous basic catalyst 
for transesterification of ethyl acetate with methanol in a perfectly mixed slurry batch 
reactor. High conversions of ethyl acetate (95%) and high selectivities (99.9%) are 
achieved.  
 
Transesterification of β-keto esters with primary, secondary and hindered alcohols 
(Scheme 1.29) was also successfully carried out using the magnesium base 
hydrotalcite (Mg-Al-O-t-Bu) as reported by Choudary and co-workers.130
 
 25
R O
O O
R R'OH
R OR'
O O
ROH
100 °C
Toluene
90  
 
Scheme 1.29 
 
This catalyst afforded excellent yields (98%) of products at a faster rate under 
heterogeneous conditions within 2 hours. The base-catalysed transesterification 
reaction requires strong basic sites to abstract a proton from the alcoholic reagents. The 
tert-butoxides are strong bases, hence they catalyse the reaction efficiently. Zeolites 
have also been shown to be good catalysts for transesterification. Materials such as 
aluminosilicates,131 for the transesterification between β–keto ester and a variety of 
alcohols, and mesoporous silica molecular sieves, e.g. SBA-15, were particularly 
active.132 The Tin oxide modified mesoporous SBA-15 catalyst was evaluated for 
transesterification of diethyl malonate with a number of alcohols, and good results were 
obtained. For example, during transesterification with n-butanol, 26.7% of diethyl 
malonate was converted in 24 hours with a selectivity of 95.6%. 
 
The immobilised Lewis acid complexes such as tin(IV) (Sn[N(SO2C8F17)2]4) and 
hafnium(IV) (Hf[N(SO2C8F17)2]4) are also known to be good catalysts for 
transesterification reactions.133 Catalysts such as ion exchange resins,134 and solid 
super acids (sulfated SnO2) have shown similar promise.135
 
1.11 Homogeneous transesterification 
In a homogeneous process, the catalyst is in the same phase as the reaction mixture,136 
and thus a major disadvantage associated with such processes is that catalyst recovery 
from the reaction mixture is not easy. In general, homogeneous reactions are 
characterised by high reaction rates as well as selectivities and are conducted at 
moderate temperatures.  
The application of a dibutyltin oxide complex as a homogeneous catalyst for 
transesterification has been reported independently by two research groups. Lee and 
co-workers137 used this catalyst for the preparation of diphenyl carbonate via 
transesterification of dimethyl carbonate with phenol. The catalytic activity of this 
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catalyst was enhanced by using it in combination with triflic acid or p-toluene sulfonic 
acid (p-TSA). The reason for the activity enhancement of dibutyltin oxide by the 
presence of p-TSA can be ascribed to the in situ formation of highly active tin species 
containing triflate sulfonate counter ions.138 On the other hand, Bounor-Legaré139 also 
published the use of dibutyltin oxide as an efficient catalyst for transesterification 
between an ester and alkoxysilane groups (Scheme 1.30). This ester interchange 
reaction has been used to crosslink ethylene-co-vinyl acetate copolymer.  
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Scheme 1.30 
 
Dibutyltin oxide was reported to promote this reaction at a temperature range of 100-
250 °C, with a minimum catalyst concentration of 0.5 wt%. Lewis acidic catalysts such 
as Sc(OTf)3,140 Sn(OTf)3,141 La(OTf)3,142 CoCl3,143 and bases such as phosphines,144 or 
proazaphosphatrane145 have been used as catalysts to mediate the transesterification 
reaction. However, Lewis acids lead to cleavage of sensitive functional groups such as 
acetals, dienes and epoxides and are therefore not universally applicable. Phosphines 
suffer from low air stability and toxicity. Fuming146 found that Sm(OTf)3 was also an 
effective catalyst for transesterification of DMC with phenol to produce diphenyl 
carbonate at 34.4% conversion with selectivity of 90.4% to diphenyl carbonate in 12 
hours.  
There is a growing interest in finding metal-free catalysed processes that would provide 
efficient alternatives to classical organic transformations such as transesterification, and 
result in a more economical and environmentally friendly chemistry.  To date, 
nucleophillic organocatalysts have successfully been used in diverse organic reactions. 
For example, the enantioselective pyrrole-catalysed 1,3-dipolar additions,147 and the 
proline catalysed Mannich reaction for the enantioselective synthesis of α- and β- amino 
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acids have been carried out under these conditions.148 Grasa149 disclosed a versatile 
catalytic method leading to the synthesis of esters using N-heterocyclic carbenes or 
imidazole-2-ylidines as catalysts for the transesterification reaction (Figure 1.3).  
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Figure 1.3: N-heterocyclic carbenes as catalysts for transesterification 
 
N-heterocyclic carbenes were first discovered by Wanzlick in the 1960s. They have 
been shown to act as excellent phosphine mimics as reported by Green and co-
workers.150 These compounds do not only possess better donating properties, but are 
also non-toxic. Recent work has established a large scope of applicability for N-
heterocyclic carbenes and their derivatives in terms of their stabilizing effect in 
organometallic systems.151 Grasa’s research group152 utilised these carbenes in the 
transesterification of benzyl alcohol with vinyl acetate in tetrahydofuran (THF) with 
almost quantitative conversion to benzyl acetate within 5 minutes (Scheme 1.31). 
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Scheme 1.31 
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The work done by Grubbs153 and Nolan154 demonstrated the feasibility of N-heterocyclic 
carbene-catalysed transesterification of methyl benzoate with ethanol, propanol or tert-
butyl alcohol (Scheme 1.32). 
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Scheme 1.32 
 
The results indicate that the reactivity of carbenes decreases as the alcohols become 
bulkier. There was no reaction at all with tert-butanol, while yields above 80% were 
obtained with ethanol and 72% with i-propanol.155 There are a number of other 
homogeneous catalysts published for transesterification such as lanthanum(III) 
iodide,156 1-propyl-3-methyl imidazolium chloride ([C3mim]Cl) ionic liquid together with 
sulfamic acid (NH2SO3H),157 which were used for reactions of β-ketoesters and 
alcohols. Diphenylammoniumtriflate158has been used for the transesterification of 
carboxylic acid esters with alcohols, while diethylzinc with N-substituted diethanolamine 
as a ligand159 has been employed for reactions between various alcohols and vinyl 
acetate. NaOt-Bu160 and Indium triiodide161 has also been reported as catalysts for the 
transesterification of phenyl methanoate with tert-butylacetate.  
 
1.12 Dimethyl carbonate production via transesterification process 
The transesterification between an alkylene or cyclic carbonate (e.g. EC or PC) and an 
alcohol is accomplished in the presence of either a homogeneous or heterogeneous 
acidic or basic catalyst,162 to co-produce dialkyl carbonate and a corresponding alkane 
diol or glycol (Scheme 1.33). The transesterification method of this reaction is featured 
by a high reaction rate and is likely to be commercialised. There are a number of 
homogeneous catalysts that has been patented and published to promote this reaction, 
such as tertiary amine,163,164,165 zirconium, titanium and tin complexes.166 This process 
forms the basis of the proposed research where the emphasis is on finding and 
optimising the efficient catalysts for this transesterification reaction. 
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Scheme 1.33 
Feng2 reported a continuous process for the transesterification of ethylene carbonate 
and methanol in a flow reactor over dibutyl amine catalyst immobilised on MCM-41 
molecular sieves (n-Bu2N-MCM-41). This catalyst performed well and afforded 25.5% 
and 41.7 % ethylene carbonate conversions observed at 110 °C and 150 °C, 
respectively. This catalyst exhibited good stability. Arai and his group167 performed the 
preparation of ethylene carbonate according to step 1 of scheme 1.20, and 
transesterification of ethylene carbonate with methanol according to step 2 of Scheme 
1.20 using MgO, CaO, ZnO, ZrO2, La2O3, CeO2 and Al2O3 as catalysts. It was deduced 
that MgO is the best catalyst for both reactions as it gave highest conversion (35%) and 
selectivity (92%). Although one-pot synthesis of DMC is possible, the selectivity is not 
good because of the alcoholysis of the epoxide.168  
 
The work done by Sun and his group169 investigated the effect of base strength of MgO 
and CaO as both showed good catalytic activity in the synthesis of DMC via 
transesterification of methanol and propylene carbonate. They found that both base 
strength and basicity have significant influence on the catalytic activity, i.e. the higher 
the base strength of a catalyst, the lower is the temperature needed. On the other hand, 
the increase in basicity results in the rise of reaction rate with a slight decrease in 
selectivity.  
 
The use of catalysts such as KOH, NaOH, K2CO3 and KNO3 supported in molecular 
sieves 4Å was studied for the first time by Li170 for the synthesis of DMC from methanol 
and PC synthesised from PO and CO2. From this study it was concluded that KOH/4Å 
molecular sieve is the best catalyst and it could be recycled efficiently.  
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 Two or three research groups investigated the synthesis of DMC in a one-step process, 
whereby the preparation of EC or PC from carbon dioxide and ethylene oxide or 
propylene oxide is carried out followed by a subsequent transesterification with 
methanol to yield DMC and a glycol. Huang171 published a one-pot synthesis of DMC 
from supercritical CO2, ethylene oxide or propylene oxide and methanol. In this study, 
catalysts such as KI, K2CO3, KOH, NaOH, MgO and ZnO on supports were tested. It 
was shown that KI/ZnO and K2CO3-KI/ZnO combinations were good catalysts, a 
complete conversion of epoxides could be achieved in 4 hours and high selectivities 
were achieved. The same reaction was also performed by Cui and coworkers,172 where 
they discovered that a KI and K2CO3 combination was the best catalyst system. Mg-Al-
CO3 hydrotalcite was also tested for the synthesis of DMC via transesterification. This 
heterogeneous basic catalyst showed good activity for the process.173 Cu-KF/MgSiO 
was also published as a catalyst for this process.174
 
1.13. Conclusions and objectives of the present study 
The transesterification reaction still remains an important organic transformation in the 
chemical and pharmaceutical industry and progress is continuously made in finding the 
best catalyst systems for this reaction. The literature survey has shown that organic 
bases, inorganic bases, Lewis acids, transition metal-based catalysts, as well as 
enzymes successfully catalyse this reaction. Enzymes catalysed reactions coupled with 
microwaves has also been proven to be efficient and effective in preparation of 
pharmaceutical reagents with high selectivities. On the other hand basic catalysts are 
preferred in general, since some of the acid catalysts showed slow reaction rates and 
poor selectivities. 
 
The world consumption of dialkyl carbonates such DMC is estimated to show a large 
increase over the next coming years, mainly due to their non-toxic, non-corrosive and 
biodegradability properties. The literature study has indicated that so far, most of the 
commercial processes for the production of DMC are suffering a number of 
disadvantages, which poses an environmental threat. Therefore there is a big need for 
developing an environmentally friendly technology package that will allow the production 
of dialkyl carbonates to meet the market demand.  
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The production of dialkyl carbonates via the transesterification technology, to be studied 
in the present project, was identified as an environmentally friendly technology. The 
main objective of this study is to identify and optimise the best catalyst systems for 
transesterification of propylene carbonate with an alcohol to co-produce dimethyl 
carbonate and propylene glycol (reaction by-product). Thus, a comprehensive study is 
to be undertaken on several catalysts to determine their activity for transesterification 
reactions. For this purpose, both acidic and basic catalysts are to be used in 
homogeneous and heterogeneous formats. This study will employ Brønsted and Lewis 
acids and also aims to use a range of structurally divergent bases, including P- and N-
variants. After the initial screening process, several parameters will be investigated with 
a view to optimising the reactions making use of selected high-activity catalysts. Once 
such optimisation studies have been performed, kinetic studies will follow, based upon 
NMR work. Part of the intention of this study is an attempt to investigate potentially 
suitable catalysts and reaction conditions suitable for industrial application. 
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CHAPTER 2 
 
 
Results and Discussion 
 
2.1 Introduction 
 
This chapter will detail the preparation of commercially unavailable dialkyl carbonates 
via transesterification, the screening of transesterification catalysts and the optimisation 
of the best transesterification catalyst systems. The ester exchange reaction between 
dimethyl carbonate and C3 - C5 normal alcohols to produce symmetrical dialkyl 
carbonates in the presence of H2SO4 as a catalyst was carried out with the view to 
determining physical characteristics associated with solvent specifications in 
commercially available solvents. Furthermore, the transesterification reaction between 
propylene carbonate and alcohols in the presence of acidic and/or basic catalyst 
systems was performed in this study. These reactions will be discussed in detail in the 
next pages.   
 
2.2 Solvent properties of C3 - C5 carbonates 
In Chapter 1, the excellent solvent properties of dimethyl carbonate and diethyl 
carbonate were discussed. However, there was no mention of the solvency properties 
of dialkyl carbonates for alkyl groups above C2 since these are not commercially 
available. Therefore, it was decided to determine specified characteristics relating to the 
solvent properties of C3 - C5 symmetrical dialkyl carbonates as part of this study and 
these carbonates had to be synthesised. DMC, DEC and PC formed the basis of this 
part of the study. These carbonates were obtained from a commercial source at the 
required purity specification. The C3 - C5 carbonates were prepared via 
transesterification of DMC with the corresponding alcohols (Scheme 2.1). Iso-propanol 
and tert--butanol were utilised in the preparation of the corresponding branched 
symmetrical di-iso-propyl carbonate and di-tert--butyl carbonate.  
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Scheme 2.1 
 
This reaction is controlled by a thermodynamic equilibrium and therefore, in order to 
produce the required amount of the product, it is important to tune the reaction 
parameters such that the forward reaction is favoured. Methanol was continuously 
removed from the reaction mixture in order to favour the generation of large amounts of 
the product (Le Chatelier’s Principle).  Additionally, DMC was continuously added to the 
mixture because it forms an azeotrope with methanol with a boiling point of 63.5 °C and 
is therefore removed from the reaction mixture.86 The mechanism followed by this ester 
exchange reaction is presumably analogous to standard transesterification reactions.175  
 
The product purity obtained directly from the reactions was in the range of 80 -90%. 
Since the purity specification of the dialkyl carbonate samples for the determination of 
the solvency properties was ≥ 95%, the samples were redistilled in order to obtain the 
required specification. After performing the distillation experiments, the product purity of 
all the carbonates was ≥ 98% as determined by GC analysis.  
 
The transesterification reaction of DMC with n-alcohols proceeded well, but the 
reactivity decreased with an increase in the chain length of the alcohol. This is because 
the longer the alcohol chain the bulkier it becomes and hence the lower the reactivity. 
When a similar reaction was carried out utilising iso-propanol, the reaction proceeded 
slowly compared to those using n-alcohols. This phenomenon was attributed to the 
bulkiness of the iso-propanol, which induces steric hindrance. The reaction using tert--
butanol was very slow compared to those of the other alcohols. Indeed there was no 
indication of the desired product (di-tert-butyl carbonate) during the analysis. Instead the 
mixed carbonate (methyl tert-butyl carbonate, 1) was formed.  
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Tert-butanol is much bulkier than all of the other alcohols used, and the steric hindrance 
introduced during the first ester exchange reaction prevented the second step from 
proceeding even in the absence of MeOH. 
 
The solvent properties of DMC and DEC along with the products formed here were 
investigated. The literature contains data on the applications of the cyclic carbonates 
such as EC and PC as solvents, but there is no mention of their properties as solvents. 
Therefore, this solvency study also included PC. 
 
The different applications of solvents require them to have specific properties for these 
applications. For example, in the coating industry, density is employed in the 
characterisation of material, while evaporation rate is used for the design of components 
of printing inks, industrial solvent mixtures, etc. (where the evaporation time is 
important).  On the other hand, a slow rate of evaporation is required in coatings with 
polyurethane resins, while the flash point is important for the classification of a solvent 
for storage and transportation purposes. The physical properties of solvents such as 
butyl glycol ether (BGE), ethyl acetate, methyl ethyl ketone (MEK), ethyl lactate and 
methyl iso-butyl ketone (MIBK) all of which are currently used in the paint and ink 
applications, were also included in this study for comparison purposes as potential 
candidates for solvent replacements by a dialkyl carbonate. The results are shown in 
Table 2.1. 
 
The results showed that some dialkyl carbonates have physical properties similar to the 
well-known and commonly used solvents listed. These physical properties indicated that 
n-dipropyl carbonate could possibly replace butyl glycol ether and that ethyl acetate, 
methyl ethyl ketone, and methyl iso-butyl ketone could possibly be replaced by dimethyl 
carbonate in paint and ink applications. This information is based on the physical 
properties of the carbonates, which is the first step in determining solvents stability. 
However, the application tests (e.g. paint and ink) would have to be carried out to 
confirm that the actual solvency properties are in agreement with the observed physical 
properties for potential replacement solvents. Such tests were outside the scope of the 
present study. 
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Table 2.1: Solvent properties of carbonates and other solvents 
 
2.3 Screening of transesterification catalysts 
Solvent Boiling 
Point 
(°C) 
Density 
@ 20 °C  
(g.cm-3) 
Flash 
Point 
(°C) 
Residue 
 on evap. 
 (ppm) 
Solubility in 
H2O @ 20 °C 
MW 
 (g mol-1) 
PC 240 1.202 132 <1 Partly Sol. 102.09 
DPC 160-161 0.943 57 29 Insol. 160.24 
DBC 206-207 0.924 75 <1 Insol. 174.24 
Dipentyl Carbonate 236-237 0.910 55 <1 Insol. 200.31 
DMC 86-89 1.069 17 <1 Insol. 90.08 
DEC 126-128 0.975 38 <34 Insol. 118.13 
BGE 156-191 0.898 67 104 Partly Sol. 118.17 
Ethyl acetate 77-18 0.901 -6 <1 Sol. 88.11 
MEK 79-81 0.805 -6 20 Insol. 72.11 
MIBK 114-117 0.802 16 20 Insol. 100.16 
Ethyl lactate 145-166 1.308 56 7 Insol. 118.13 
A route towards a “greener” commercial process for the synthesis of dialkyl carbonates 
would be the transesterification reaction between a cyclic carbonate (ethylene or 
propylene carbonate) and an alcohol, such as methanol in the case of DMC synthesis 
(Scheme 2.2). However, a catalyst is required for this reaction to occur and hence a 
number of transesterification catalysts, some of which have been cited in the literature, 
were tested here for this particular process. 
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Scheme 2.2 
Catalysts such as Lewis acids, alkali metal salts, alkali alkoxides, alkali metal 
hydroxides, phosphine super bases, N-bases and metal alkoxides such as Ti(OEt)4 
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were tested in this specific reaction. It has been reported in the literature that basic 
catalysts are more effective for transesterification reactions than acids.128,176 This 
observation has been validated by the experiments carried out in this study for several 
bases (see below). Two alcohols, n-butanol and methanol, were used in the catalyst 
screening study. 
 
2.3.1 Alkali metal base catalysis 
The alkali metal salts listed in Table 2.2 were evaluated in this study. They are classified 
as homogeneous catalysts because they completely dissolve in the reaction mixture. 
These catalysts presumably promote the reaction by deprotonating the alcohol followed 
by a nucleophillic attack of the alkoxide to the carbonyl carbon of PC (in the case of the 
stronger base such as NaOH).  
 
Table 2.2: Evaluation of alkali metal catalysts for transesterification 
Alcohol Catalyst Temp. 
(°C) 
Time
(hrs)
PC Conv. 
(mol%) 
PG Yield 
(mol%) 
Carbonate 
Yield (mol%) 
Butanol NaOH 200 5 37 29 35 
 Butanol NaOC(O)CH2Cl 200 5 36 31 34 
Butanol NaOH 120 5 16 14 14 
Butanol NaOC(O)CH2Cl 150 5 4 3 3 
Butanol NaOC(O)CH2Cl 120 4 3 1 2 
Methanol NaOH 150 5 38 38 39 
Methanol NaOC(O)CH2Cl 150 5 40 39 40 
 
In the case of sodium chloroacetate [(NaOC(O)CH2Cl)]  the reaction is probably initiated 
by nucleophillic attack of the acetate anion on the carbonate, liberating the alkoxide. It is 
also possible that NaOH acts in this fashion leading to a complicated start-up 
mechanism involving a carboxylic acid type intermediate. Scheme 2.3 shows an 
example of a proposed mechanism where n-propanol is reacted with PC in the 
presence of NaOH as a catalyst.  
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Scheme 2.3 
 
An alcohol to propylene carbonate mole ratio of 4:1 and catalyst concentration of 1 
mol% relative to PC were employed in these reactions. The results indicated that the 
glycol and carbonate yield varied with temperature: as the temperature was increased 
from 120 °C to 200 °C the yield and rate of the reaction increased. Time was kept 
constant in these reactions. In the case of methanol, the rate of the reaction was 
enhanced, which can be ascribed to the fact that butanol is bulkier than methanol giving 
rise to a slower reaction in the former instance. At lower temperatures, these catalysts 
did not show good catalytic activity for either alcohol. The yields of PG and the dialkyl 
carbonate were essentially identical, as was anticipated. These catalysts proved to be 
highly selective for the desired carbonate as the minimum selectivity observed was 94% 
when using butanol and >98% with methanol. Loss of selectivity with butanol probably 
arose due to formation of mixed carbonates (e.g. butyl-glycol carbonate). 
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2.3.2 Screening of organic base catalysts  
(a) Nitrogen bases 
Nitrogen bases were also tested in a temperature range between 100 °C and 150 °C, 
depending on their thermal stability, at a catalyst loading of 2 mol% relative to PC, while 
maintaining an alcohol to PC ratio of 4:1. The strong bases 1,4-diazabicylo[2.2.2]octane 
(DABCO, 2), 1,5,7-triazabicyclo(4.4.0)dec-5-ene (TBD, 3), 7-methyl-1,5,7-
triazabicyclo(4.4.0)dec-5-ene (MTBD, 4), 1,5-diazabicyclo[4.3.0]non-5-ene (DBN, 5), 
and 1,8-diazabicyclo[5.4.0]undec-7-ene (DBU, 6), shown in Figure 2.1, were tested as 
catalysts for this reaction. 
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Figure 2.1: Strong organic N-bases 
 
Additionally, relatively weaker bases (Figure 2.2) such as imidazole (7), 4-N,N-dimethyl 
aminopyridine (DMAP,8), N,N-dimethyl aniline (9), piperidine (10), triethyl amine 
(TEA,11), urea (12), hexamine (13), and collidine (14) were also tested.  
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Figure 2.2: Weak organic N-bases 
 
From the results shown in Table 2.3, it is clear that the selectivity for the dialkyl 
carbonate product was very high in each case, irrespective of the yields. It is also 
evident that there is a definite link between base strength and the yields of the reaction 
(with a necessary concomitant increase in the rate of the reaction). The three weak 
bases (9, 12 and 14) were not active at all as there was no indication of any product 
having been formed after the reactions were carried out. Additionally, most of the 
catalysts that were reactive with methanol were unable to promote the reaction with 
butanol. Most of the reactions where no product was observed are omitted from Table 
2.3.   
 
The activity of these bases seemed dependent on their dissociation constants, pKa 
values: the higher these values are the more active the bases were, which is reflected in 
the reaction rates and yields. The organic bases showed the same trend as the alkali 
bases as far as reactivity towards the alcohols is concerned, where butanol reactions 
were slow and sometimes no reaction was observed at all. The reaction mechanism of 
these bases is presumably similar to that of alkali bases in that the base deprotonates 
the alcohol, creating a nucleophilic alkoxide which initiates the reaction cycle.  
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Table 2.3: Results of reactions catalysed by organic nitrogen bases 
 Base Alcohol Time (hrs) Yield (mol %) Selectivity (%) pKa
DABCO, 2 MeOH 4 39 99.3 8.7177
DABCO, 2 BuOH 5 35 99.6 8.7174
TBD, 3 MeOH 5 44 99.8 21.0178
MTBD, 4 MeOH 4 41 99.5 17.9175
DBN, 5 MeOH 5 42 99.6 13.8 179
DBU, 6 MeOH 4 42 99.2 14.3177
Imidazole, 7 MeOH 5 16 99.3 6.9174
DMAP, 8 MeOH 5 20 99.5 9.2180
N,N-dimethyl aniline, 9 MeOH 4 -a -a 5.1174
Piperidine, 10 MeOH 4 19 96.8 11.1174
TEA, 11 MeOH 5 20 93.4 11.0174
Urea, 12 MeOH 4 -a -a 0.10174
Hexamine, 13 MeOH 5 16 96.0 9.0174
Collidine, 14 MeOH 6 -a -a 7.4174
a No observable reaction  
 
(b) Phosphine bases 
Since the amine bases showed a pKa dependence of the outcome of the reaction, it was 
decided to investigate phosphine bases including the Verkade bases,174,181 which are 
known to be strong bases. Phosphine bases have been reported in the literature to 
promote transesterification reactions.175,182 In these particular experiments an emerging 
class of compounds called Verkade bases, (14, Figure 2.3) which are non-ionic organic 
bases also known as phosphatranes, was tested for their efficacy in the present 
instance.  
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Figure 2.3: The phosphine bases as catalysts for transesterification 
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The pKa values of these compounds (15) are high (17-42),183 and they are very strong 
non-ionic bases. These compounds were tested under the same conditions as N-bases. 
The results obtained (Table 2.4) indicate that all these bases are good catalysts for this 
process.  
 
Table 2.4: Results of phosphatrane catalysed reactions 
Base Alcohol Time (hrs) Yield (mol%) Selectivity (%) pKa 
15a MeOH 2 41 99.9 - 
15b MeOH 2 43 99.9 - 
15c MeOH 2 46 99.9 - 
 
These experiments revealed that the reactivity of these bases increased according to 
the order 15a < 15b < 15c. It is probable that the substituents on the N-atoms play a 
role in the differences in the reactivities: the bulkier the substituents are, the more active 
the catalyst. The nitrogen atoms donate electron density to the phosphorus atom 
thereby making it more nucleophilic. Consequently, the ease with which the N-atoms 
donate electron density plays a role in the basicity of the phosphatrane. Therefore, the 
bulkier the substituents the more the electron density is pushed towards the P-atom, 
explaining the trend observed. It was then decided to also test the activity of 1,3,5-
triaza-7-phosphaadamantane (16). Surprisingly, there was no reaction observed within 
2 hours. A possible explanation to this observation is that this compound is a 
substantially weaker base than the phosphatranes and fails to initiate the reaction as a 
result.  
 
2.3.3 Screening of basic ion exchange resins  
Basic ion exchange resins are heterogeneous catalysts that can catalyse a number of 
reactions including transesterification. Screening of these resins as catalysts was 
carried out in a fixed bed reactor, using a reaction feed of 4:1 mol ratio of methanol to 
PC and the pressure of 6 atmospheres. These resins are unstable at high temperatures, 
necessitating the reaction temperatures to be maintained below 100 °C.  
 
The basic ion exchange resins have different basic active sites. For example, 
Amberlite® IRA 67184 is an acrylic, weak basic anion exchange resin containing tertiary 
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amine functionality in a cross-linked acrylic matrix. Amberlite® IRA 96185 is a weak basic 
macroporous anion exchange resin, containing tertiary and quaternary ammonium 
functionalities, while Amberlite® IRA 400 (OH)186 is a strongly basic anion exchange 
resin containing the hydroxyl functional groups supported on polystyrene. On the other 
hand, Amberlite® IRA 900178 is a strong basic macroporous anion exchange resin with 
quaternary ammonium supported functionality on styrene-DVB. Table 2.5 presents the 
results obtained using these resins. 
 
Table 2.5: Basic ion exchange resins as transesterification catalysts  
Resins 
 
Temp. (° C) Time (hrs) Yield (Mol%) Selectivity (%) 
 IRA 67 100 8 42 99.9 
IRA 400 60 1 30 99.9 
IRA 900 80 4 <5 99.9 
 IRA 96 100 5 28 99.9 
 
IRA 67 showed a good activity for this reaction. Interestingly, the initial conversions of 
PC were low, but increased with time until it reached a constant value (ca. 40 mol%). 
This conversion value was reached after 5 hours and remained unchanged up to 8 
hours, at which time the reaction was stopped.  IRA 400 showed a conversion of about 
30 mol% within the first hour, after which no further reaction was observed indicating 
that the catalyst was deactivated. The same situation was noticed with IRA 96, where 
catalyst deactivation was seen, but at a slower rate. On the other hand, IRA 900 
showed poor activity. In all cases, these reactions demonstrated very good selectivities.  
 
In summary, it has been demonstrated that the most basic catalysts are the best 
catalysts for the transesterification reaction between PC and an alcohol, methanol in 
particular. All of the catalysts screened were selective for the desired product. Some 
bases were incapable of catalysing these reactions. It was learnt that the activity could 
be associated with the strength (pKa) of these bases, even though there are other 
factors (steric bulk, for example) that play a role in the catalyst activity. Homogeneous 
bases were more active compared to the heterogeneous bases (ion exchange resins).  
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2.4 Screening of acidic catalysts 
Acidic catalysts also show a potential to promote the transesterification reactions.187 
Lewis acids have been studied to some extent as catalysts for transesterification, 
especially the transition metal triflates such as lanthanum trifluoromethane sulfonate 
[La(SO3CF3)3].188 In this study, a number of Lewis and Brønsted acids were evaluated 
as catalysts for the reaction between methanol or n-butanol (in some cases) and PC. 
These catalysts were evaluated at temperatures between 100 °C and 150 °C, using a 
4:1 mole ratio of methanol to PC and 2 mol% catalyst loadings for the homogeneous 
reactions. Heterogeneous catalysts were evaluated in a fixed bed reactor.  Most of the 
acidic catalysts showed poor activity in these reactions, with the exception of the 
transition metal triflates.  
 
The mechanism of the reaction catalysed by a Brønsted acid such as H2SO4 would be 
similar to that followed during the preparation of the C3-C5 dialkyl carbonates.  In the 
case of a metal triflate, the mechanism is similar in the sense that the vacant orbitals of 
the metal accept the lone pair of electrons from the carbonyl oxygen of PC followed by a 
subsequent nucleophilic attack at the carbonyl carbon of PC by the alcohol (Scheme 
2.4). 
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Scheme 2.4 
 
The results obtained during the evaluation of homogeneous Lewis acids are shown in 
Table 2.6. It was observed that at lower temperatures (100 °C or less) the reactions 
were slow. The Lewis acids promoted the reaction at 150 °C, to a greater or lesser 
extent.  
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Table 2.6:  Lewis acid catalyst screening (2.5 mol% catalysts relative to PC, 
over 1 hour) 
Catalyst Alcohol Temperature (°C)  Yield (mol %) Selectivity (%) 
Al(OTf)3 MeOH 150 7 99.1 
Al(OTf)3 BuOH 150 3 - 
La(OTf)3 MeOH 150 39 98.6 
La(OTf)3 BuOH 150 30 99.4 
Al(OTf)3 MeOH 120 21 99.1 
Al(OTf)3 BuOH 120 14 98.2 
InI3 MeOH 120 <5 - 
AgOTf MeOH 120 <5 - 
Ti(OEt)4 MeOH 150 40 99.4 
p-TSA MeOH 150 15 61.4 
 
From the results given in Table 2.6, it is clear that La(OTf)3 was the best catalyst among 
those tested for this reaction. It was observed that most of these catalysts performed 
poorly at relatively low temperatures. para-Toluene sulfonic acid showed low selectivity, 
the main by-product being dipropylene glycol, which is formed when the reaction is left 
over a long period of time, causing the propylene glycol to undergo dimerisation. This 
side reaction was also observed in the case of titanium tetra-ethoxide. Indium 
triiodide178 showed very poor activity in this particular reaction. The acidic 
heterogeneous catalysts such as acidic ion exchange resins (Amberlysts® 15, -36, -B23, 
-I4), zeolites and titanium silicate were also tested in the screening program using 
methanol. These materials did not show a good performance, and were substantially 
less active compared to the homogeneous metal triflate catalysts.  
 
2.5 Continuous transesterification 
Since La(OTf)3 was found to be a good acidic catalyst for the transesterification reaction 
between PC and MeOH, it was decided to demonstrate that this reaction can be carried 
out  in a continuous fashion such that large amount of the product (DMC) is obtained. 
An experiment whereby the continuous removal of methanol via distillation was carried 
out, gave a PC conversion of 92% within 24 hours.  
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The continuous reaction was performed at 60-65 °C, in a glass reactor set-up. This 
temperature is near the azeotropic boiling point of methanol / DMC. This lower 
operating temperature is advantageous compared to 150 °C (where the catalyst showed 
good activity) because this allows a continuous reaction to be performed. At the lower 
temperature, the substrate is not co-distilled from the reaction mixture. 
 
 2.6 Conclusion 
A screening study of heterogeneous and homogeneous basic and acidic catalysts was 
performed for the transesterification reaction between PC and methanol or n-butanol, 
revealing that both the acidic and basic catalysts were reasonable to good catalysts for 
these reactions. It was also observed that the reactions using methanol were faster than 
those performed using n-butanol. The study indicated that the basic catalysts used 
showed better activities compared to the acidic ones. This observation is in agreement 
with the literature.169 Heterogeneous catalysts showed low activity compared to the 
homogeneous systems, also suffering from short life-times. Even among these 
heterogeneous catalysts, the basic ones were more reactive than acidic counterparts. It 
was demonstrated that large amounts of product could be produced in a continuous 
reactor set-up, while maintaining high yields and selectivities.  
 
The microwave studies showed that the rates of these reactions catalysed by N-organic 
bases and La(OTf)3 could be enhanced with high selectivities to the desired products 
only (i.e. DMC and PG). 
 
In the following section of this chapter, the optimisation of the best catalysts of the two 
categories (acidic and basic) will be discussed.  
 
2.7 Optimisation of the reaction conditions 
The ester interchange reaction is controlled by a state of equilibrium, and it is therefore 
important to operate under conditions where maximum conversions or yields may be 
obtained. Thus, optimisation studies were carried out to identify those reaction 
conditions. This exercise involved changing parameters such as catalyst concentration, 
temperature and reactant concentrations. During the catalyst screening exercise (see 
above), a number of good catalysts for promoting the reaction between PC and 
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methanol or n-butanol were identified. Most N-bases showed good activity in this 
reaction. However, TBD outperformed all other N-base catalysts and was hence chosen 
for the optimisation studies. The tri-iso-butyl Verkade base (2,8,9-tri-iso-butyl-2,5,8,9-
tetraaza-1-phosphabicyclo[3.3.3]undecane, 15c) also showed excellent activity and was 
also selected for the present purposes. Most of the acidic catalysts performed poorly, 
and hence only La(OTf)3 was selected from this category.  
 
The optimisation studies were performed by reacting methanol and PC in the presence 
of the particular catalyst. Only DMC was produced in these reactions along with PG as 
a reaction by-product as was expected. In order to understand the influence of a 
specific parameter, all other parameters were kept constant. This study involved the 
effect of varying the temperature, the catalyst concentration and the alcohol to 
propylene carbonate mole ratio. In the following pages, a detailed discussion of 
reactions catalysed by each of the selected catalyst systems is provided.   
 
2.7.1 Optimisation using 1,5,7-Triazabicyclo(4.4.0)dec-5-ene (TBD, 3) 
(a) Influence of temperature 
An evaluation of the influence of temperature on TBD as a catalyst was carried out 
using an alcohol to PC mole ratio of 8:1 and a catalyst concentration of 0.5 mol% 
relative to PC. The results obtained are presented in Figure 2.4.  
 
0
10
20
30
40
50
60
70
80
0 20 40 60 80 100 120 140
Time (Min.)
Yi
el
d 
(M
ol
%
) 45 °C
60 °C
80 °C
100 °C
Figure 2.4: Influence of temperature in the TBD catalysed reaction 
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The results showed that, as the temperature was increased from 45 °C to 100 °C, the 
rate of the reaction increased accordingly. A maximum equilibrium conversion of 
approximately 70% was obtained for each temperature. The rates of the reactions run at 
80 °C and 100 °C were similar, with the equilibrium conversion slightly favouring the 100 
°C run. Not withstanding this result, the temperature did not have a large influence on 
the equilibrium conversion, as all of the reactions afforded almost the same equilibrium 
conversion. Based on these observations, 80 ºC was selected as the best operating 
temperature since this temperature gave good rates of reaction. 
 
(b) Influence of catalyst concentration. 
Reactions aimed at establishing the influence of catalyst concentration were performed 
at 80 °C, in accordance with the temperature study. The alcohol to PC ratio was fixed at 
8:1 and the catalyst concentration was varied between 0.1 mol% to 0.5 mol% relative to 
PC (limiting reagent). 
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Figure 2.5: Influence of TBD catalyst concentration 
 
The observation in these reactions was that as the catalyst concentration was increased 
the rate of the reaction increased accordingly. Although slower, the reactions run at 
lower catalyst concentrations continued to yield product at a steady rate over a two-hour 
period, none showing any signs of catalyst deactivation. While the time allowed for the 
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reaction was insufficient to allow for equilibrium to be established in all cases except 
that of the highest catalyst loading, it was clear that each reaction was tending towards 
the same end point (but over longer periods for the slower reactions). In principle, these 
reactions should eventually reach the same equilibrium conversion as in the case of 0.5 
mol%, because the catalyst does not affect the equilibrium conversion, but only the rate 
at which the equilibrium state is attained. 
 
(c) The influence of alcohol to PC mole ratio 
A set of reactions was designed to test for the influence of the alcohol to PC ratio on the 
outcome of the transesterification reactions was carried out. In these reactions, the two 
parameters were kept constant, i.e. temperature (80 ºC) and catalyst concentration (0.5 
mol%), while the ratio of the starting materials (methanol to propylene carbonate) was 
varied from 4:1 to 15:1 (Figure 2.6).  
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Figure 2.6: The influence of alcohol to PC ratio using TBD as a catalyst 
 
A clear observation based on these results was that as the methanol to PC ratio was 
increased the equilibrium conversion also increased significantly. However, no benefit 
was realised in increasing the ratio above 15:1 as there was no noticeable change in 
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the equilibrium conversion as the reactant ratio was increased from 15:1. (The 8:1 
reaction demonstrated the repeatability of this reaction over a period of time, as can be 
seen by comparing the result of this reaction to similar reactions shown in Figure 2.4 
and Figure 2.5.) Therefore, the improved conversions were obtained at a methanol to 
PC ratio of 15:1.  
 
The influence of the ratio of alcohol to PC on the rates of the reactions was interesting. 
At high MeOH to PC ratios, the rate of the reaction was low, and while at lower ratios 
the rate of the reaction was high. This could be explained by the fact that, in these 
reactions, the amount of PC was kept constant while increasing that of methanol, 
thereby diluting both the reactant (PC) and the catalyst, which would have the effect of 
lowering the rate of the reaction. 
 
This study had so far revealed that temperature does not have a significant influence on 
the equilibrium conversion and that reactions performed at 80 °C allow good rates to be 
obtained. It has furthermore been shown that a mole ratio of 15:1 (methanol to PC) is 
required to yield a high conversion to DMC. Additionally, it has also been demonstrated 
that, at higher alcohol to PC ratios, the rate of reaction decreased. The latter 
observation led to the catalyst loadings being re-evaluated (Figure 2.7), to establish if 
high rates and conversions could be obtained.    
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Figure 2.7: Re-evaluation of the influence of catalyst concentration 
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The results of these reactions showed that increasing the catalyst concentration from 
0.5 mol% to 1.0 mol% significantly enhanced the rate of the reaction. This was also true 
in going from 1.0 mol% to 2.0 mol% catalyst loading. All reactions showed the same 
equilibrium conversion as anticipated, since equilibrium conversion is not affected by 
the changing the catalyst concentration. It can therefore be concluded that a rapid, high-
yielding reaction is obtainable when using TBD as a catalyst at a loading upwards of 1.0 
mol%, making use of an alcohol to PC ratio of 15:1 and working at 80 °C. The result of 
this particular reaction (1 mol%, 15:1 ratio, 80 °C) was used as a benchmark for all the 
base catalysts that were tested. 
 
(d) Direct comparison of N-base catalysts 
Having optimised the operating conditions for the best organic N-base (TBD), it was 
decided to re-evaluate the other organic N-bases using the optimum conditions for TBD 
as a benchmark (Figure 2.8).  
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Figure 2.8: Comparison of organic N-bases as using TBD as a benchmark 
 
The results obtained form this study confirmed that TBD was the best catalyst of all the 
N-bases evaluated. The trend observed in the rates of the reaction can readily be 
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explained based on the conjugate base strengths (pKa) of these compounds: the higher 
the pKa value, the higher the catalytic activity. 
 
(e) Direct comparison of base catalysts: metal alkoxides vs TBD 
The activity of sodium methoxide (NaOMe) and lithium methoxide (LiOMe) were 
evaluated in reactions run at 100 °C, using 15 mole equivalents of methanol and 2 
mol% catalyst concentration, as a departure point (Figure 2.9). These reactions were 
performed to evaluate whether the relevant alkali metal cation plays a role in the 
outcome of the reaction.     
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Figure 2.9: The comparison between NaOMe, LiOMe and TBD at 100 °C 
 
The methyl alkoxides proved to be among the best base catalysts for this reaction, as 
they showed comparable activity to the benchmark catalyst system (TBD). The high and 
similar rates of the reactions precluded an accurate decision to be made. Therefore, it 
was decided to reduce the catalyst concentration to 1 mol% so as to be able to identify 
the type of catalyst giving the highest reaction rate (Figure 2.10).  
 
These reactions were still similar based on both the rates (NaOMe and LiOMe) and 
equilibrium conversion (all catalysts). The rate of the TBD catalysed reaction was lower 
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than the methoxide catalysed transformation, although comparable conversions was 
observed within 30 minutes.  
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Figure 2.10: Comparison of NaOMe, LiOMe and TBD 1.0 mol% at 100 °C
 
2.7.2 Optimisation of reactions catalysed by tri-iso-butyl Verkade base. 
Having established partly optimised conditions for the TBD-catalysed reaction, it was 
decided to embark on a similar optimisation exercise using a Verkade base as a 
catalyst, since these bases showed good activity in these reactions. 
 
(a) The influence of temperature 
The Verkade phosphine bases showed good catalytic activity in the transesterification 
reactions.  In the preliminary studies, tri-iso-butyl Verkade bases outperformed all other 
bases in this category, leading it to be selected for the optimisation studies. In this 
study, temperature was the first parameter to be evaluated, the other parameters being 
kept constant. Figure 2.11 is a graphical representation of the results obtained in this 
study, when using a catalyst concentration of 0.5 mol% and an alcohol to PC ratio of 
8:1. 
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Figure 2.11: Evaluation of the influence of temperature  
 
These results showed that there is no significant difference in varying temperature from 
45 ºC to 100 ºC, all reactions converging in terms of yield at about 20 minutes. The rate 
of the reaction was accelerated with increasing temperature during the first 5 minutes, 
after which the difference in yield (as a function of time) rapidly narrowed. These 
reactions reached the equilibrium conversion by approximately 40 minutes, giving an 
indication of the efficiency of these bases.  
 
The equilibrium conversion value (approximately 60 mol%) achieved by this base is 
rather lower than that achieved with TBD  (ca. 70 mol%) under the same conditions (i.e. 
8:1 mole ratio of methanol to PC, 0.5 mol% catalyst loadings and at 80 °C), which does 
indicate some dependence of the equilibrium conversion on the type of base catalyst 
used. There was little response by the equilibrium position to the reaction temperature 
as all reactions reached similar equilibrium values. Based on these results, 45 °C was 
selected as the optimum operating temperature of this Verkade base, and the influence 
of reactant concentrations and catalyst concentration were evaluated at this 
temperature.  
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(b) Influence of catalyst concentration 
In this study, the temperature of 45 °C was employed and the alcohol to PC mole ratio 
of 8:1 was used, while varying the catalyst concentration between 0.3 mol% and 0.5 
mol%. The results obtained are summarised in Figure 2.12. 
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Figure 2.12: Evaluation of the influence of catalyst concentration  
 
A significant increase in the rate of a reaction was observed in going from 0.3 to 0.4 
mol% of catalyst, but little additional benefit was seen at higher catalyst loadings. The 
0.3 mol% run was so slow that it had not reached equilibrium after a reaction time of 2 
hours. The equilibrium conversion observed for the two higher catalyst concentration 
runs is ca. 63 mol%, it therefore appeared that 0.5 mol% was the best catalyst 
concentration for this reaction at these specific conditions.  
 
(c)  The influence of alcohol to PC ratio 
The influence of the alcohol to PC ratio was investigated at 45 °C, using 0.5 mol% 
catalyst concentration. The methanol to PC mole ratio was varied from 4:1 to 20:1 as 
shown in Figure 2.13.  
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Figure 2.13: Evaluation of the influence of alcohol to PC ratio 
 
These results showed a similar trend to those in which TBD was used as a catalyst: the 
rate of the reactions was higher when a lower methanol to PC mole ratio was used. This 
is due to a dilution effect of the catalyst and PC retarding the rate of a reaction. In 
general, these reactions showed a rather slow rate as compared to those catalysed by 
TBD.  
 
The equilibrium conversion showed a significant increase as the mole ratio of methanol 
to PC was increased from 4:1 to 15:1, after which the reaction rates and equilibrium 
conversions were almost identical.  Due to the low rates of the two highest ratio runs, it 
was decided to carry out a run using 1.0 mol% catalyst loading and 20:1 mole ratio of 
methanol to PC. This run demonstrated a substantially enhanced reaction rate 
achieving the equilibrium conversion of 73 mol% within 20 minutes. Given the 
similarities of the reaction profiles for the 0.5 mol% catalyst runs performed at 15:1 and 
20:1 (methanol to PC), the lower 15:1 ratio was selected for further reactions. 
 
(d) Temperature and catalyst loadings revisited. 
The catalyst concentration and temperature used until this stage were optimal for an 8:1 
mol ratio of methanol to PC. Increasing the amount of alcohol while keeping the catalyst 
and PC loadings constant resulted in the dilution of the reaction components. The 
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influence of temperature was re-evaluated under the optimum alcohol to PC ratio (15:1), 
after which the effect of changing the catalyst concentration under the optimum 
temperature and starting materials ratio was also revisited. Surprisingly, a completely 
different set of results was obtained (Figures 2.14 and 2.15).  
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Figure 2.14: Re-evaluation of the influence of temperature  
 
The limitation posed by this Verkade base (14c) is that it is stable only up to 120 °C, 
and hence it was decided to elevate the operating temperatures from 45 °C to 100°C 
only to prevent catalyst decomposition that would lead to its deactivation. As 
anticipated, the reaction rate was enhanced with increasing temperature, indicating that 
45 °C was certainly not the optimum temperature after having changed the ratio of the 
reactants. Instead, the reactions run at 100 °C were far more favourable for their rates 
with no change in equilibrium conversion.  
 
The re-evaluation of the catalyst concentration was performed at 100 °C using a 
methanol to PC ratio of 15:1, while catalyst loadings were varied between 0.5 mol% and 
2.0 mol%. Interestingly, these results showed that 0.5 mol% was not the optimum 
catalyst concentration for this reaction as can be seen from Figure 2.15, which indicates 
a tremendous increase in the rate of a reaction as the catalyst concentration was 
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increased to 2.0 mol%. In the case of the 0.5 mol% catalyst loading, the reactions 
showed reasonable reaction rates but took 100 minutes to attain equilibrium conversion 
compared to those of 1.0 mol% and 2.0 mol% catalyst loadings, in which equilibrium 
was attained within 15 minutes. 
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Figure 2.15: Re-evaluation of the influence of Catalyst concentration 
 
It could therefore be concluded that optimum conditions of operation for Verkade bases 
are 100 °C using a methanol to PC ratio of 15:1 to obtain the maximum equilibrium 
conversion of approximately 73 mol% within 10 minutes at a catalyst concentration 
between 1.0 mol% and 2.0 mol% relative to PC.  
 
2.7.3 Optimisation of reactions catalysed by lanthanum trifluoromethane 
sulfonate [La(OTf)3]  
After having investigated some of the base catalysts relatively fully, it was decided to 
proceed through a similar exercise with a Lewis acid catalyst. This would allow a fairly 
complete optimisation study to be performed on such a catalyst and enable a 
comparison to be made between the base catalysts and Lewis acid catalysts. The 
parameters to be studied were the same as those selected for optimisation with the 
base catalysts.  
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(a) The influence of temperature 
Lanthanum trifluoromethane sulfonate is a Lewis acid catalyst.189 This catalyst was 
found to be the only active catalyst for this reaction among the compounds falling into 
the Lewis acid category. It was observed during the catalyst screening programme that 
reactions catalysed by lanthanum triflate [La(OTf)3] were slow at lower temperatures. 
Thus, in the optimisation experiments, the temperature was varied between 130 - 160 
°C (Figure 2.16). Here, the methanol to PC ratio was maintained at 8:1 while a catalyst 
loading of 0.5 mol% relative to PC was employed.  
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Figure 2.16: Influence of temperature on a reaction catalysed by La(OTf)3
 
The overall rate of a reaction increased with an increase in temperature as expected. In 
going from 140 °C to 150 °C, there was a considerable change in the rate of the 
reaction. The equilibrium conversions were slightly lower than those obtained with the 
TBD and Verkade base catalysts. There was also a slight influence on the equilibrium 
conversion value brought about by changes in reaction temperature. Since there was 
almost no difference in the equilibrium yield between 150 °C and 160 °C, it was decided 
to consider 150 °C as an optimum temperature at this stage. This temperature was 
therefore used for further studies. 
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(b) Influence of a catalyst concentration 
The effect of the catalyst concentration was initially studied at a methanol to PC ratio of 
8:1 and maintaining the temperature at 150 °C, while the catalyst concentration was 
varied between 0.05 – 0.5 mol% (Figure 2.17).  
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Figure 2.17: Influence of catalyst concentration 
 
The results showed that, as the catalyst concentration is increased, the rate of the 
reaction also increased accordingly, and that there was a significant difference in the 
rates below catalyst concentrations of 0.3 mol%. Above this value, the rates of the 
reactions were similar. The equilibrium conversion was maintained at about 55 mol% in 
all runs, and was insensitive to the catalyst loading.   
(c) Influence of alcohol to PC ratio 
Reactions designed to investigate the influence of the alcohol to PC ratio were 
performed at a constant temperature of 150 °C, at a catalyst concentration of 0.5 mol%, 
while varying the alcohol to PC ratio between 4:1 to 30:1 ( Figure 2.18). Interestingly, 
there was a proportional increase in the rate of a reaction with an increase in this ratio, 
in contrast to other work performed with base catalysts (See, for example Figure 2.13).   
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Figure 2.18: Influence of alcohol to PC ratio  
The most characteristic feature of these reactions is that they behave differently to 
those of the basic catalysts, showing an increase in the rate of a reaction with 
increasing methanol to PC mole ratios. It was also observed that, as anticipated from 
previous work in this study, increasing the ratio of alcohol to PC resulted in an increase 
in the equilibrium conversion value.  
 
The difference in the response of the base-catalysed reactions compared to the acid-
catalysed reactions to the changing alcohol to PC ratio may be rationalised on the basis 
of mechanistic considerations. In the case of the base catalysts it is believed that the 
reaction proceeds via deprotonation of the methanol followed by attack of the alkoxide 
onto the carbonate (nucloephile activation). Therefore, assuming second-order kinetics, 
the concentrations of both reacting partners (the alkoxide and the PC) diminishes at 
higher alcohol to PC ratios. This would lead to concomitantly slower reactions. For the 
acid-catalysed reactions the case is different. Here, the PC is activated by the catalyst 
by co-ordination of the carbonyl oxygen thereof to the catalyst; it is therefore the 
electrophile that is activated by the catalyst and the complex is attacked by the 
methanol nucleophile. With increasing alcohol to PC ratios the concentration of the 
active PC-Lewis acid complex decreases but that of the methanol increases. This could 
explain the enhancement of the rates of these reactions, once again assuming second-
order kinetics. 
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 The equilibrium conversion value increased with an increase in the concentration of the 
methanol, as expected according to Le Chatelier’s principle. A significant yield increase 
was observed in going from alcohol to PC ratio of 4:1 to 20:1, with little difference in 
going from 20 to 30 mole equivalents (only the rate of the reaction was enhanced). This 
maximum conversion value of approximately 75% obtained at a 20:1 ratio and was 
considered the optimum from a conversion perspective. 
 
(d)  Re-evaluation of the influence of temperature and catalyst loading 
The influence of temperature and catalyst concentration on the outcome of the reaction 
was re-visited in an attempt to further optimise the reaction, since these two 
parameters, previously selected as 150 °C and 0.5 mol%, respectively might not be 
optimum. Thus, it was decided to re-evaluate their influence at the optimum alcohol to 
PC ratio of 20:1 (Figures 2.19).    
0
10
20
30
40
50
60
70
80
0 20 40 60 80 100 120 140
Time (Min.)
Yi
el
d 
(M
ol
%
)
130°C
140°C
150°C 
160°C
Figure 2.19: Re-evaluation of the influence of temperature  
 
An increase in the reaction temperature resulted in an enhanced rate of a reaction in 
moving from 130 °C to 160 °C. It was also observed that 150 °C was no longer the 
optimum temperature at which to perform a reaction under these conditions, as there 
was a noteble increase in the rate of a reaction at 160 °C. At this temperature, the rate 
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of the reaction was comparable to the run at 150 °C, but at a substantially higher 
methanol to PC ratio (of 30:1) (see Figure 2.19).  
 
(e)  Re-evaluation of catalyst concentration 
During the optimisation of La(OTf)3 as a catalyst for transesterification reaction , it was 
observed that 0.5 mol% was optimum for an 8:1 mol ratio. As the alcohol to PC mole 
ratio was increased to higher ratios, 0.5 mol% catalyst loading was no longer optimum, 
it was therefore decided to optimise the catalyst loadings at optimum alcohol to PC ratio 
(20:1) and optimum temperature (160 °C).  The results of this study are presented in 
Figure 2.20. 
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Figure 2.20: Re-evaluation of the influence of catalyst concentration 
 
The results indicate that 0.5 mol% was indeed no longer the optimum catalyst loading at 
the optimum methanol to PC ratio (20:1) and 160 °C. An enhanced rate was observed 
as the catalyst loading was increased from 0.5 mol% to 1.0 mol%. However, there was 
no significant difference in going from 1.0 mol% to 1.5 mol% since the reaction rates 
were similar for these two runs. It could therefore be concluded that the optimum 
catalyst loading at optimum conditions is approximately 1.0 mol%. 
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 From this study, it could be concluded that optimum reaction conditions (high rate and 
conversion) when making use of La(OTf)3 as catalyst were at a reaction temperature of 
160 °C, an alcohol to PC ratio of 20:1 and catalyst concentration of 1.0 mol%. Similar 
rates and conversions were obtainable with the best catalyst at 100 °C using an alcohol 
to PC ratio of 15:1 and catalyst loading of 1.0 mol%.  
 
2.7.4 Other metal triflates 
Having observed that La(OTf)3 was a good catalyst for the preparation of DMC via 
transesterification, it was decided to test the activity of other metal triflates and compare 
the results to those of La(OTf)3 as a benchmark. These experiments were conducted 
using 20 mole equivalents of methanol, 0.5 mol% catalyst concentration and at 150 °C. 
The results obtained are shown in Figure 2.21. 
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Figure 2.21: Other metal triflate catalysed transesterification reactions 
 
Three metal triflates (those of La, Sm and Gd) showed good activity as catalysts for this 
reaction, but the other triflates showed poor reactivities. This could be due to the fact 
that the acting catalysts are F-block elements and have large orbitals and expanded co-
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ordination spheres in which they can accommodate the lone pair of electrons from the 
PC carbonyl oxygen.   
 
An experiment to compare the activity of the Bronsted acid H2SO4 to that of La(OTf)3 
was performed at 150 °C at a methanol to PC ratio of 15:1. Initially, 0.5 mol% catalyst 
loading of H2SO4 was employed, but the rate of this reaction was very low, and it was 
decided to increase the catalyst concentration to 2.0 mol%. However, the rate of the 
reaction was still low (Figure 2.22) after an initial spurt.  
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Figure 2.22: Brønsted acid (H2SO4) catalysis 
 
The sluggishness of this reaction could be due to the fact that H2SO4 becomes 
methylated in the presence of methanol to form methylsulfate (Scheme 2.5), which may 
in turn undergo another methylation step and form dimethylsulfate [(CH3O)2SO2]. This 
would drastically decrease the amount of active catalyst present in the reaction mixture 
and may very well account for the observed reaction profile. 
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2.8 Summary 
In summary, the results provided in this chapter indicate that base catalysts are 
effective in catalysing the transesterification reaction between PC and methanol, and 
are more reactive in many instances than acidic catalysts. Furthermore, basic 
heterogeneous catalysts provide low rates of reaction in comparison to the 
homogeneous analogues. Additionally, acidic heterogeneous catalysts showed very 
poor activity compared to the homogeneous counterparts, which frequently showed 
good activity. However, reactions using metal triflates such as La(OTf)3 have to be 
operated at elevated temperatures in order to ensure acceptable rates and conversions. 
Brønsted acids such as H2SO4 are poor catalysts for this reaction.  
 
The next chapter will discuss experiments conducted in an NMR spectrometer and will 
compare them with those conducted using standard apparatus such as an autoclave 
reactor as described in the present chapter. 
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CHAPTER 3 
 
NMR experiments and kinetics 
 
3.1 Introduction 
The transesterification reactions between PC and methanol were performed above 
room temperature in an autoclave reactor. These reactions are controlled by equilibrium 
and temperature plays an important role in such reactions. For example, if the forward 
reaction is endothermic, a decrease in temperature will result in the backward reaction 
being favoured. Due to the fact that most of these reactions were carried out above 
room temperature and analysed at room temperature, it was important to understand 
what influence the temperature change brings to the equilibrium (if any). Furthermore, 
each GC run took 40 minutes, and it is not known how the waiting period affected the 
equilibrium. It was therefore decided to carry out NMR studies, where the reaction is 
carried out in an NMR tube and the extent of conversion or yield as a function of 
temperature can be precisely measured, eliminating the uncertainty brought about by 
temperature variation. The NMR experiments were conducted using the best catalysts 
as identified in the screening studies. NMR data generated during this study were used 
to determine certain kinetic parameters, the results of which are presented in the 
conclusion to this chapter. 
 
It is noted that the conditions employed for the reactions being performed in the NMR 
tube are not those optimised for the autoclave reactions.  This was done since reactions 
carried out under optimised conditions were too fast for the NMR spectrometer to 
provide useful results. 
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3.2 Reactions catalysed by N-bases 
3.2.1 DABCO catalysed reactions 
The initial NMR reactions were conducted using DABCO. These experiments were 
performed using a 4:1 mole ratio of methanol to PC. Deuterated methanol was used so 
that the protons of the methanol and those of DMC would not be detected by the 
spectrometer, resulting in a simplified spectrum. Thus, the signals observed in the 
starting NMR spectrum are due to PC only. The protons due to the product 1,2-
propylene glycol (PG) appeared with time. The integrals of the protons for PC and PG 
were therefore used to monitor the formation of PG with time. The moles of PG formed 
are the same as the moles of DMC formed and thus the yield of DMC was measured 
according to the yield of PG. The catalyst concentration used in these reactions was 4.0 
mol% relative to the limiting reagent (PC), and three temperatures (80, 100 and 120 °C) 
were investigated. The reaction performed at 80°C was extremely slow as to be 
impracticable, thus the temperature was increased to 100 °C affording useful results 
(Figure 3.1). 
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Figure 3.1: NMR reaction catalysed by DABCO at 100 °C 
 
The results indicate that the rate of the reaction was low at this temperature, since the 
equilibrium conversion was established only after 5 hours. The equilibrium conversion 
value of approximately 45% was observed which is similar to that obtained from the 
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autoclave reactor during the catalyst screening program when using a 4:1 mole ratio of 
the alcohol to PC. Additionally, equilibrium was attained in a similar time to that for the 
autoclave reactions. Given the relatively low rate of reaction here, it was decided to 
conduct a similar reaction at 120 °C (Figure 3.2).  
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Figure 3.2: NMR reaction catalysed by DABCO at 120 °C 
 
The same equilibrium conversion was observed in this case as before for the reaction 
carried out at 100 °C (Figure 3.1). It was also observed that increasing the temperature 
resulted in a significant improvement of the rate of the reaction as expected and the 
reaction was completed within 65 minutes. Higher temperatures than 120 °C could not 
be evaluated due to the NMR instrument limitations.  
 
During the screening studies of the strong organic bases such as TBD, DBN, DBU and 
Verkade bases, it was observed that these bases effectively promote the 
transesterification reaction between PC and methanol. These catalysts showed faster 
rates compared to DABCO. Therefore, the strong N- and Verkade bases were used 
next.  
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3.2.2 Reactions catalysed by DBU 
In the following pages, the NMR data and the autoclave data will be compared. These 
NMR experiments were conducted using a ratio of deuterated methanol to PC of 4:1 
and a catalyst concentration of 1.0 mol% with respect to PC. The first attempt at these 
reactions was conducted at 100 °C, as was the case for DABCO. At this temperature 
the rate of the reaction was too fast on the NMR time scale, having attained equilibrium 
within 10 minutes. In order for the NMR spectrometer to be useful, the rates had to be 
retarded. There are two practical methods in which this could be done: firstly, by 
reducing the catalyst concentration or, secondly, by reducing the operating temperature. 
Thus, it was decided to reduce the reaction temperature to 30 °C (Figure 3.3). 
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 Figure 3.3: NMR reaction catalysed by DBU 
 
Under the conditions employed, this catalyst showed a good rate of reaction compared 
to that of DABCO, even at the lower temperature. The equilibrium conversion 
(approximately 55 mol%) was achieved within 60 minutes at 30 °C, which is higher than 
that obtained with DABCO by about 10%. This indicates that the catalyst is not always 
truly innocent in the position of the equilibrium in these reactions. 
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3.2.3  Reaction catalysed by DBN 
 The transesterification reactions catalysed by DBN were relatively fast compared to 
those of DABCO, but slower than those catalysed by DBU. This reaction attained 
equilibrium with a conversion of approximately 55 mol% after 140 minutes compared to 
60 minutes for DBU. It is therefore clear that DBN is not as effective as DBU as a 
catalyst for transesterfication reactions under the conditions tested here.  
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       Figure 3.4: NMR reaction catalysed by DBN at 100 °C 
 
3.2.4  Reactions catalysed by TBD 
TBD catalysed reactions showed the highest rate of the transesterification reaction 
compared to the other N-organic bases. In the presence of this catalyst the reaction 
reached equilibrium within 10 minutes at 30 °C.  
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         Figure 3.5: NMR reaction catalysed by TBD 
 
The equilibrium conversion of about 55 mol% was obtained with TBD, which is 
comparable to those obtained with DBU and DBN as catalysts. The pKa value of this 
catalyst is the highest of all the N-bases tested. Thus, the catalytic activities of these 
bases follow that of the pKa values (Table 2.3), with stronger bases giving faster rates.  
 
The results obtained using the NMR showed a good correlation with the results 
obtained when using a conventional autoclave reactor. For example, when comparing 
the results from an autoclave experiment presented in Figure 2.8 to those from the NMR 
results presented in Figure 3.5, a similar equilibrium conversion of approximately 55 
mol% was observed. The reaction rates for these two reactions cannot be directly 
compared since the catalyst concentrations were not the same for practical reasons i.e. 
1.0 mol% relative to the PC starting material was utilised for the NMR experiments and 
0.5 mol% relative to PC was used in the autoclave experiments. Additionally, the NMR-
based experiments confirmed that the influence of temperature on the equilibrium 
conversion is insignificant and that the autoclave results are therefore reliable. 
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3.2.5 Optimised reaction catalysed by TBD 
TBD proved to be the best catalyst system among the organic bases, and it was thus 
selected for the optimisation studies (see Chapter 2). The optimisation was conducted 
in an autoclave reactor, and the optimum parameters were identified to be 15:1 mole 
ratio of methanol to PC and 1.0 mol% catalyst concentration at 100 °C. It was therefore 
decided to carry out similar NMR experiments and to generate data from which the rate 
equation could be derived. However, some difficulties were foreseen because it is 
difficult to obtain a correct zero time reading. This is because the reaction starts 
immediately as the sample is being made up, and continues while the sample is heating 
to the required temperature. It was therefore decided to carry out these experiments at 
lower temperatures. The initial catalyst loading was 1.0 mol% based on the PC, with a 
methanol to PC ratio of 15:1. The first experiment was carried out at 20 °C, but this 
reaction was too fast on the NMR time scale to be useful. Consequently, the catalyst 
loading was reduced to 0.5 mol% (Figure 3.6). 
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Figure 3.6: NMR reaction at 0.5 mol% of TBD concentration 
 
A very high rate of reaction with a 0.5 mol% catalyst loading was obtained. A lower rate 
of reaction was required to obtain a suitable curve for the determination of the rate 
equation and the rate constant, and hence the reactions where low catalyst loadings of 
0.16 mol% relative to PC were utilised. The reactions were conducted at three different 
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temperatures, namely 20, 30 and 40 °C. At these temperatures, it was observed that the 
rate of the reaction was suitable for the determination of the reaction rate (Figure 3.7). 
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             Figure 3.7: NMR reactions catalysed by TBD (0.16 mol% vs PC) 
 
The results clearly indicate that the temperature has a significant influence on the rates 
of the reactions, the rate increase with increasing temperature, as expected. All 
reactions reached the same equilibrium conversion of about 85 mol%. This was 
expected because the catalyst concentration is not expected to affect the equilibrium 
conversion, but only the rate at which equilibrium is attained. Furthermore, these results 
support the observation in Section 2.8 where it was noted that temperature does not 
significantly affect the equilibrium conversions.   
 
When comparing the autoclave results and the NMR results, a good correlation is 
observed between the two. When comparing the results where 15:1 and 20:1 mole ratio 
of methanol to PC were utilised (Figure 2.6) to those conducted in the NMR 
spectrometer where the same methanol to PC ratio (15:1) was used (Figure 3.7), it is 
clear that the equilibrium conversions (both were approximately 85%) were similar. The 
rates of the reactions could not be directly compared with high certainty because of the 
differing reaction conditions. When comparing the rates of the reactions performed 
using 0.5 mol% catalyst loadings in the autoclave reactor (Figure 2.9), to those 
performed in the NMR (Figure 3.6), there is a good correlation, even though the 
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equilibrium conversion of autoclave result was marginally lower. This slight difference 
may simply be the result of analytical error. 
  
3.3 Reactions catalysed by the Verkade base (15c)  
The tri-iso-butyl Verkade super base showed excellent catalytic activity during the 
screening of the catalysts. NMR reactions were performed using this catalyst and the 
results obtained were used to determine the rate equation and the rates of the reaction. 
The optimum conditions for this reaction determined from the autoclave work (section 
2.8.2) showed that a temperature of 100 °C, catalyst loadings of between 1.0 mol% and 
2 mol% as well as 15:1 mole ratio of methanol to PC were the optimum conditions. Due 
to time scale limitation, the NMR reactions could not be performed at temperatures 
above 60 °C, because the reactions were too fast. It was therefore decided to 
investigate reactions run at temperatures below 60 °C (30 °C, 40 °C and 50 °C). The 
results obtained from the NMR experiments indicated a change in the rate of the 
reaction as a function of temperature (Figure 3.8). 
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Figure 3.8: NMR reactions catalysed by tri-iso-butyl Verkade base 
 
These results indicated a proportional relationship between the rate of the reactions and 
temperature, i.e. as the temperature is increased the rate of the reaction also increases 
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accordingly. However, as before, there is no noticeable influence on the equilibrium 
conversion. When these results are compared to those in Figure 2.13 obtained from the 
autoclave reactions, a good correlation between the NMR and the autoclave techniques 
is observed: both approaches showed equilibrium conversions in the 70 mol% - 80 
mol% range, when utilising 15:1 mole ratio of methanol to PC, in the presence of 0.5 
mol% catalyst relative to PC.  
 
3.4 Statistical design experiments and kinetics 
The kinetics of several transesterification reactions were determined using the results 
obtained from the NMR experiments, using results of three N-bases as catalysts (DBU, 
DBN and TBD). The conversion versus time graphs of the NMR experiments performed 
at 30 °C shown in Figures 3.3, 3.4 and 3.5 were employed for these manipulations.  
 
A statistical model was used to accurately predict the reaction rates and the average 
equilibrium constants of the reactions catalysed by the N-bases. Equation (1) is a 
mathematical model that best describes the profile of the experimental results 
presented in the different Figures of Chapter 2 and Chapter 3.  
 
Model:           
)(
)(
bat
ttC += ……………………………………………..(1) 
 
This equation demonstrates the behaviour of the conversion of PC with respect to time, 
where C represents PC conversion, t is time, and a and b are constants. 
 
Nonlinear regression techniques were used to fit the model (equation 1) to the 
experimental data. Good model fits were obtained as indicated by the respective R2 
values (approximately 99% in all cases). Statistica (Version 7) was used to fit  the model 
to NMR data. 
The first derivative of equation 1 represents the gradient or the slope of the function 
and, in principle, that would be the rate of a reaction. The first derivative was calculated 
as shown below: 
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ttC += ……………………………………………………………..(1) 
Rewriting equation (1) gives:  1)()( −+= batttC
The first derivative of C(t) is given by 
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In order to prove the validity of this equation, the concept of mathematical limits was 
used. According to the profile of results (Figures of results), as time tends to zero, the 
slope of the profile tends to a constant which implies that the rate of the reaction tends 
to a constant. This will be expected because at these time values, the profile is a 
straight line which always has a constant slope.  
 
b
tC 1)('lim =  (which is a constant) 
0→t  
 
But, as time tends towards large values, the slope of the reaction profile tends to zero, 
which implies that the rate of a reaction tends to zero, thus 
 
0)('lim =tC  
∞→t  
 
These observations are in agreement with the expectations at these time values, since 
the profile is at equilibrium (there is neither increase nor decrease of the reaction rate) 
and the slope of a horizontal line is zero. Equation (1) has therefore fulfilled the basic 
mathematical principles, and gives an accurate approximation of the reaction rates. 
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The molar concentration of PC and PG were determined accurately from the NMR 
experiments. Furthermore, the concentration of methanol and DMC could be calculated 
using the stoichiometric ratio. Thus, the concentrations of all the reaction species were 
calculated, and a standard equilibrium constant equation (3) could be used to calculate 
the equilibrium constants K. 
  
2]][[
]][[
MeOHPC
DMCPGKeq = ……………………………………………….(3) 
 
The equilibrium constant K increased with time until equilibrium was attained, after 
which K is the constant at equilibrium. Due to the fact that K could be calculated at any 
given time, the average value of K was calculated. 
 
3.4.1 DBN catalysed reaction: statistical results 
The curve represented by the open circles in Figure 3.9 represents the experimental 
data and the line-curve represents the statistical or theoretical conversions based on 
equation (1) shown above, in which constants for a and b have been calculated and 
inserted. 
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DBN
c = t/[(0.017296)t + (0.430083)]
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Figure 3.9: Fit between experimental and statistical conversions 
 
The residuals which indicate the difference between the predicted data and observed 
data were very small. The measure of agreement between the statistical data and the 
experimental data is reflected by the coefficient of determination (R2). In this case the R2 
was found to be 98.9% indicating an excellent agreement of the model with the 
experimental data. Having determined the two constants, the kinetics was calculated 
(Table 3.1). 
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Table 3.1: Reaction between PC and CD3OD catalysed by DBN at 30 °C 
Time 
(min) 
PC 
(mol%) 
PG 
(mol%)  [PC] [CD3OD] [DMC] [PG] 
K 
 
Reaction rate 
(conversion/min),
 a = 0.017296 
b  = 0.430084 
0 100.00 0.00 4.7530 16.7639 0.0000 0.0000  2.33E+00 
3 89.67 10.33 4.2618 15.7816 0.4911 0.4911 2.27E-04 1.82E+00 
10 80.97 19.03 3.8486 14.9552 0.9044 0.9044 9.50E-04 1.18E+00 
17 75.30 24.70 3.5789 14.4158 1.1740 1.1740 1.85E-03 8.31E-01 
23 71.43 28.57 3.3949 14.0477 1.3581 1.3581 2.75E-03 6.16E-01 
30 68.55 31.45 3.2581 13.7742 1.4949 1.4949 3.62E-03 4.74E-01 
37 66.15 33.85 3.1442 13.5464 1.6088 1.6088 4.49E-03 3.76E-01 
40 64.44 35.56 3.0630 13.3840 1.6900 1.6900 5.21E-03 3.06E-01 
50 62.98 37.02 2.9934 13.2448 1.7596 1.7596 5.90E-03 2.54E-01 
57 61.44 38.56 2.9204 13.0988 1.8326 1.8326 6.70E-03 2.14E-01 
64 58.03 41.97 2.7579 12.7738 1.9950 1.9950 8.84E-03 1.82E-01 
71 57.99 42.01 2.7564 12.7707 1.9966 1.9966 8.87E-03 1.58E-01 
77 56.32 43.68 2.6767 12.6113 2.0763 2.0763 1.01E-02 1.37E-01 
80 57.66 42.34 2.7405 12.7389 2.0125 2.0125 9.11E-03 1.21E-01 
98 56.60 43.40 2.6900 12.6379 2.0630 2.0630 9.91E-03 9.58E-02 
111 51.98 48.02 2.4705 12.1990 2.2825 2.2825 1.42E-02 7.78E-02 
125 51.85 48.15 2.4645 12.1869 2.2885 2.2885 1.43E-02 6.44E-02 
138 49.29 50.71 2.3429 11.9437 2.4101 2.4101 1.74E-02 5.42E-02 
152 48.83 51.17 2.3210 11.8999 2.4320 2.4320 1.80E-02 4.62E-02 
165 49.16 50.84 2.3366 11.9311 2.4164 2.4164 1.76E-02 3.99E-02 
179 48.10 51.90 2.2860 11.8300 2.4670 2.4670 1.90E-02 3.48E-02 
192 47.83 52.17 2.2736 11.8051 2.4794 2.4794 1.94E-02 3.06E-02 
226 47.36 52.64 2.2512 11.7602 2.5018 2.5018 2.01E-02 2.29E-02 
259 47.01 52.99 2.2345 11.7270 2.5185 2.5185 2.06E-02 1.78E-02 
293 46.76 53.24 2.2225 11.7029 2.5305 2.5305 2.10E-02 1.42E-02 
327 46.67 53.33 2.2182 11.6944 2.5347 2.5347 2.12E-02 1.16E-02 
 
These results indicate a decrease in the concentration of PC and a corresponding 
increase of the concentration of PG over time as expected. The values of a and b were 
obtained from the statistical model, and the rate of a reaction could be calculated. 
During the initial stage, the reaction is fast and it eventually slows down as it 
approaches the state of equilibrium, where the rate of the reaction is almost zero. The 
amount of PG could be measured experimentally over time, and that of DMC could be 
calculated based on the reaction stoichiometry, and the equilibrium constant K could be 
calculated at any point in time. The values of K increased during the initial phase of the 
reaction, but it became constant with respect to time at equilibrium, the average value of 
K calculated from 260 minutes was 2.0952 x 10-2. 
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3.4.2 DBU catalysed reaction: statistical results 
The results using DBU as a catalyst also showed an excellent agreement between the 
experimental data and the mathematical model, indicated by the high R2 value of 99.5% 
(Figure 3.10). The numerical values of a and b were determined to be 0.017364 and 
0.104556, respectively, as shown on the curve function in Figure 3.12. 
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      Figure 3.10: Fit between experimental data and model 
   
The open circles also represent the experimental data, while the line-curve represents 
the mathematical data. Experimental observations indicate that the rate of reaction in 
the presence of this catalyst is higher than that of DBN, which is confirmed by the 
kinetic calculations shown in Table 3.2.  
 
 
 
 
 
 82
Table 3.2: Reaction between PC and CD3OD catalysed by DBU at 30 °C 
Time 
(min) 
PG Yield 
(mol%) [PC] [MeOH-d4] [DMC] [PG] K 
Reaction rate 
(conversion/min), 
a=0.017364, 
b= 0.104556 
2 12.29 4.1690 15.5958 0.5840 0.5840 3.3639E-04 9.56E+00 
8 33.09 3.1804 13.6187 1.5726 1.5726 4.1926E-03 5.82E+00 
15 41.03 2.8027 12.8634 1.9503 1.9503 8.2017E-03 1.66E+00 
22 45.34 2.5980 12.4539 2.1550 2.1550 1.1525E-02 7.71E-01 
29 46.93 2.5226 12.3032 2.2303 2.2303 1.3027E-02 4.44E-01 
35 49.75 2.3884 12.0347 2.3646 2.3646 1.6163E-02 2.88E-01 
42 51.55 2.3027 11.8634 2.4503 2.4503 1.8526E-02 2.02E-01 
49 51.92 2.2854 11.8288 2.4675 2.4675 1.9040E-02 1.49E-01 
56 52.57 2.2544 11.7668 2.4986 2.4986 2.0000E-02 1.15E-01 
62 53.08 2.2300 11.7179 2.5230 2.5230 2.0789E-02 9.12E-02 
96 54.30 2.1723 11.6025 2.5807 2.5807 2.2774E-02 7.41E-02 
130 54.63 2.1566 11.5711 2.5964 2.5964 2.3347E-02 3.33E-02 
164 56.31 2.0768 11.4115 2.6762 2.6762 2.6483E-02 1.88E-02 
197 54.94 2.1418 11.5415 2.6112 2.6112 2.3900E-02 1.21E-02 
231 56.20 2.0818 11.4215 2.6712 2.6712 2.6274E-02 8.40E-03 
265 54.54 2.1605 11.5790 2.5925 2.5925 2.3202E-02 6.18E-03 
 
In the case of DBU, a similar trend to that of DBN was observed where the yield of PG 
or the conversion of PC increased over time, until the state of equilibrium was attained. 
The rate of the reaction could also be calculated with the aid of software that was used 
to determine the numerical values of a and b. The equilibrium constant (K) was 
calculated after 96 minutes, where the reaction had attained the state of equilibrium and 
was found to be 2.4330 x 10-2. 
 
3.4.3 TBD catalysed reaction: statistical results 
In the case of the reaction catalysed by TBD, the reaction was so fast that it was at 
equilibrium after 8 minutes. Additionally, the model still fitted the experimental data well 
with a coefficient of determination being 99.3% (Figure 3.11).    
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Figure 3.11: Fit between experimental and statistical conversions 
 
The trends observed for the reaction catalysed by TBD are similar to those observed 
with DBN and DBU, except that the rate of the reaction was relatively faster than those 
of DBU and DBN. Good agreement between the statistical model and the experimental 
data under this particular set of conditions was also observed. Having obtained the 
numerical values of a and b from the mathematical model, the rate of the reaction could 
be calculated at any given point in time as shown in Table 3.3. 
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Table 3.3: The results of the reaction between PC and MeOH-d4 catalysed by TBD 
at 30 °C 
Time 
(min) 
PG Yield 
(mol%) [PC] [MeOH-d4] [DMC] [PG] K 
Reaction rate 
(Conversion/min),
a = 0.018018 
b = 0.006202 
0 0.00 4.7304 16.8278 0.0000 0.0000  1.61E+02 
2 48.17 2.4516 12.2700 2.2789 2.2789 1.4337E-02 4.03E+00 
9 54.86 2.1351 11.6371 2.5953 2.5953 2.3768E-02 2.40E-01 
15 56.73 2.0468 11.4604 2.6837 2.6837 2.7344E-02 7.79E-02 
22 56.57 2.0546 11.4761 2.6758 2.6758 2.7006E-02 3.81E-02 
29 59.31 1.9246 11.2161 2.8058 2.8058 3.3206E-02 2.25E-02 
36 53.94 2.1789 11.7248 2.5515 2.5515 2.2170E-02 1.48E-02 
42 57.66 2.0030 11.3729 2.7274 2.7274 2.9311E-02 1.05E-02 
49 55.11 2.1234 11.6137 2.6070 2.6070 2.4213E-02 7.84E-03 
56 50.45 2.3438 12.0545 2.3867 2.3867 1.7049E-02 6.07E-03 
 
The yield and the rate of the reaction increase with time. When approaching the state of 
equilibrium, the rate decreased to almost zero. Due to the fact that these reactions were 
much faster, the average equilibrium constant was calculated after 8.5 minutes, and 
was found to be 2.7208 x 10-2. This value is higher than those of DBU and DBN as was 
expected based on the observed rates of reaction. This can also be linked to the fact 
that TBD has a relatively larger pKa value than the other N-bases evaluated. 
 
3.4.4 Kinetics studies of tri-iso-butyl Verklade base 
The kinetics of the reactions catalysed by the tri-iso-butyl Verkade base conducted 
using the experimental data generated from NMR were utilized for calculating the 
reaction kinetics. These reactions were conducted using the optimum conditions i.e. 
alcohol to PC ratio of 15:1, using 0.5 mol% catalysts concentration relative to PC. Three 
temperatures were evaluated in this study during the NMR studies ( 30 °C, 40 °C and 
50 °C, see Figure 3.8).  
The transesterification reaction between propylene carbonate and methanol is a 
bimolecular–type, second-order reversible reaction. These types of reactions can be 
represented in general using the equation below. 
PC 
k1
k2
MeOH2 DMC PG
 
Deuterated methanol (CD3OD) was used in these reactions, and thus, the depletion of 
the PC and the formation of PG could be monitored over time. This is due to the fact 
that the protons of the two species (PC and PG) could be detected by the 1HNMR, and 
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hence the concentration of methanol and DMC were calculated using the stoichiometric 
ratios. The equilibrium constant could be determined using equation 5. Keq
 
2]][[
]][[
MeOHPC
DMCPGKeq = ……………………………………………………..(5) 
According to the stoichiometry, the concentration of DMC would always be equal to the 
concentration of PG, thus equation 5 can be simplified to give equation 6. 
 
2
2
]][[
][
MeOHPC
PGKeq = ……………………………………………………..(6) 
 
The equilibrium constants at the three different reaction temperatures were calculated 
and are presented in Table 3.4.  
 
Table 3.4: Equilibrium constants at different temperatures for the Verkade base 
catalysed reactions. 
Temperature (°C) Temperature (K) Keq
20 293.15 0.254446 
30 303.15 0.232132 
40 313.15 0.214233 
 
A plot of the equilibrium constants versus temperature gives a straight line with a slope 
that defines the equilibrium at any given temperature (Figure 3.12) 
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Figure 3.12: Dependence of equilibrium constant on temperature.    
 
The high R2 value (0.996) is indicative of a good fit between the data points calculated 
from the experimental data and the theoretical data that is represented by fitting the 
straight line through the data points. 
 
The reaction rates were calculated with respect to the depletion of PC, whereby the 
differences between the theoretical and experimental data with regard to the depletion 
of PC were calculated, and the average factor (constant) that would be required to 
minimise the differences was calculated accurately using a computer program. This 
factor could be considered as an initial rate coefficient, Figure 3.13 is an example 
showing the correlation between the experimental and theoretical data obtained using 
the results obtained at 40 ˚C. 
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Figure 3.13: The correlation between theoretical data  
and experimental data for a reaction carried out at 40 °C. 
 
The average k values obtained from the computer program at different temperatures are 
shown in Table 3.5. 
 
Table 3.5: The k values calculated using the computer program  
Temp. (K) 1/Temp (K-1) k (mol. K-1) lnk 
293.15 0.003411 0.000523 -7.56 
303.15 0.003299 0.000944 -6.94 
313.95 0.003193 0.001614 -6.43 
 
The rate of a second order reversible reaction can be expressed mathematically as a 
function of temperature according to equation 7. 
RT
Ea
ekTk 0)( = …………………………………………………………………….(7) 
Where k0 is the initial rate of a reaction, and when taking the logarithms of equation 7, 
results in a simple straight line equation. 
RT
EkTk a−= 0ln)(ln ………………………………………………………………(8) 
Plotting the graph of lnk versus 1/T results in a straight line represented in equation 8 
(Figure 3.14).  The R2 value is also high indicating a good fit between the theoretical 
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values represented by a solid line and the experimental data points. The equation on 
the graph can be used to calculate the rate of a reaction at a given temperature.   
 
Lnk = -5176/T + 10.103
R2 = 0.9999
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Figure 3.14: The dependence of a reaction rate on temperature 
 
3.5 Conclusions and future work 
It can be concluded that the catalyst systems that are required to promote the 
transesterification reaction between propylene carbonate and methanol were 
successfully identified based on the intensive catalyst screening exercise that was 
carried out as part of this study. Most basic homogeneous catalyst systems such as 
nitrogen bases (e.g. TBD, DBU, DBN) and the Vekade bases were found to be most 
efficient for this particular reaction. The heterogeneous basic catalysts evaluated in this 
study proved to be active, even though heterogeneous catalyst systems showed 
deactivation within a short space of time. 
 
The Lewis acids such as La(OTf)3, Gd(OTf)3 and Sm(OTf)3 showed good catalytic 
activity at high temperatures (above 150 °C). On the other hand, Brønsted acids such 
as H2SO4 showed some activity, even though the reaction was slow. The 
heterogeneous acidic catalysts did not show activity for this reaction. 
 
 89
The optimisation studies were performed in the autoclave and glass reactor set-ups 
using the best catalysts systems. The NMR transesterification reactions were conducted 
mimicking the conditions used in the autoclave and glass reactor set-ups. The results of 
the two techniques conclusively indicated that there was no significant difference in the 
equilibrium conversion from the two experimental techniques. 
 
The results obtained from the NMR reactions were used to determine the kinetics of the 
reactions. A good correlation between the theoretical data and experimental data was 
obtained. The kinetic results showed that the rate of the reaction followed the order 
TBD>DBU>DBN>DABCO, which was consistent with the pKa values of these bases 
 
A major difference was observed between the reaction catalysed by Al(OTf)3 and 
La(OTf)3. Future work in this area could focus on efforts to obtain a good understanding 
based on this observation, and molecular modelling studies could provide a useful 
comparison between the Lewis acids and between Lewis acids and Brønsted acids. 
 
The present study showed that heterogeneous catalysts can be easily recovered from 
the reaction mixture, but were rapidly deactivated. This rapid deactivation, given the 
obvious advantages of heterogeneous systems over homogeneous analogues, also 
represents a potential area of study. Investigations into the possibility of supporting the 
basic homogeneous catalysts or acidic homogeneous catalysts on resins or molecular 
sieves would provide the ease of separation of the catalysts form the reaction mixture, 
as well as performing further screening of such heterogeneous catalyst systems. 
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CHAPTER 4 
 
 
Experimental Protocol 
 
Standard experimental techniques 
 
4.1 Gas chromatography (GC) 
 
The GC analysis was performed in a Hewlett 5890 gas chromatograph, connected to a 
PC equipped with Class-VP software for recording the integration of chromatograms. 
The free fatty acid (FFAP) column with a length of 50 m and an internal diameter of 0.2 
mm was utilised, its temperature limits are between 60 and 250°C. The GC method was 
set to run for 40 min using a flame ionisation detector (FID) for the detection of the 
reaction components. The operation conditions for the GC are shown in Table 4.1.  
 
Table 4.1: GC operation conditions for PC/DMC reaction 
Operation Parameter Condition 
Carrier gas Helium 
Initial temperature 60 °C 
Initial wait 5 min 
Temperature ramp 6 °C/min 
Final Temperature 240 °C 
Final Time 5 min 
Injector temperature 250 °C 
Detector temperature 250 °C 
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4.2 Reagents 
 
The reagents utilised in these experiments were purchased from different chemical 
suppliers. There was no further purification required (Table 4.2). 
 
Table 4.2: The purity of chemicals utilised in the project 
Reagent Supplier Purity (%) 
Propylene carbonate (PC) Sigma Aldrich 99.7 
Dimethyl carbonate (DMC) Sigma Aldrich 99+ 
Diethyl carbonate  Sigma Aldrich 99.9 
Methanol Saarchem 99+ 
n-Propanol Saarchem 99+ 
i-Propanol Saarchem 99+ 
n-Butanol Sigma Aldrich 99.8 
t-Butanol Merck  99.5 
n-Pentanol Sigma Aldrich 99.5 
   
 
 
4.3 Spectroscopic methods 
 
4.3.1 Nuclear magnetic resonance (NMR) spectroscopy 
 
NMR analysis was used to confirm the nature of the dialkyl carbonates prepared in the 
laboratory. This analysis was carried out using a Varian 400 MHz NMR, and spectra 
were recorded in CDCl3 at room temperature with TMS as an internal standard. The 
chemical shifts are reported in parts per million (ppm) and the coupling constants (J) in 
Hertz.   
 
4.3.2 Gas chromatography- mass spectrometry (GC-MS) 
GC-MS was used to characterise the dialkyl carbonates prepared in the laboratory.  The 
conditions were as follows: 
• Instrument: 6890 GC 
• Column: FFAP column (50 m x 0.2 mm x 0.3 µm)  
• Oven program: 60 °C (5 minutes) ramped at 6 °C per minute to 240 °C. 
• Carrier gas: helium 
• Detector: 5973 MS detector 
• Library: Wiley 
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4.4 Chemical reaction techniques 
4.4.1 General protocol for preparation of dialkyl carbonates 
These reactions were carried out in a 1 Litre three-neck round bottom flask, fitted with a 
10 plate Aldershaw distillation column, and a condenser equipped with a reflux timer. 
The reagents (alcohol, catalyst and DMC) were placed in the flask, and thereafter the 
boiling stones were also added into the flask. The reaction mixture was then heated to 
the operating temperature until it started to reflux. The reaction was left under reflux for 
the first hour, and thereafter, the reflux timer was set to withdraw the overheads 
(methanol and some DMC) for 2 seconds, and close to reflux for 10 seconds (Figure 
4.1). 
Example: n-butanol (707.71 g; 9.56 mol; 1.2 mole equivalents), H2SO4 (6.45 g; 5.0 mL) 
and dimethyl carbonate (713.16 g; 7.92 mol) and some boiling stones were placed in 
the flask and thereafter the reaction mixture was heated until it started boiling. The 
methanol and some DMC formed the azeotrope, and hence was removed in the 
overheads, while the product dibutyl carbonate remained in the flask. 
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Figure 4.1: C3 - C5 Dialkyl carbonates synthesis experimental set-up 
 
4.4.2 Purification and characterisation of the C3-C5 carbonated 
The products (dialkyl carbonates) have higher boiling points compared to the by-product 
(methanol), and during purification in the form of distillation, the dialkyl carbonate was 
left in the re-boiler. Purification was carried out in a similar set-up as used during 
synthesis.  The reflux to withdrawal ratio was increased to 30:1 so as to attain the best 
separation of the impurities from the product. The product obtained was analysed using 
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a GC and confirmed using a GC-MS and 1H NMR. The NMR and GC-MS spectra are 
attached on the appendix section. 
OO
O
1
2
3
4
 
Dipropyl carbonate 
 
1H NMR (400 MHz, CDCl3): δ = 0.98 (t, 3H, J = 7.5 Hz, H-3); 1.65-1.75 (m, 2H, H-2); 
4.07-4.12 (t, 1H, J = 6.72 Hz, H-1). 
 
13C NMR (75 MHz, CDCl3):  
 
m/z (GC-MS): 104 (M+ - (CH3)2CHCH2O(CO)O, 8%), 63 (M+ - (CH3)2CHCH2O, 48%), 
(M+ - CH3)2CH, 100%), 27 (M+ - CH3CH, 14%). 
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O
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3
45
 
Dibutyl carbonate 
 
1H NMR (400 MHz, CDCl3): δ = 0.92-1.00 (t, 3H, J = 7.5 Hz, H-4); 1.38-1.43 (m, 2H, H-
3); 1.64-1.72 (m, 2H, H-2); 4.20-4.16 (t, J = 6.9 Hz; 2-H). 
 
13C NMR (75 MHz, CDCl3): δ = 13.9 (C-4); 19.0 (C-3); 31.0 (C-2); 68 (C-1); 155.5 (C-5). 
 
m/z (GC-MS):  118 (M+ - CH3CH2CH2CH2O(CO)O, 8%), 73 (M+ - CH3CH2CH2CH2O, 
15%), 57 (M+ - CH3CH2CH2CH2, 100%), 29 (M+ - CH3CH2 , 23%). 
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Dipentyl carbonate 
 
1H NMR (400 MHz, CDCl3): δ = 0.89-0.94 (t, 3H, J = 7.2 Hz, H-5); 1.33-1.36 (m, 2H, H-2 
and 3); 1.62-1.71 (m, 2H, H-4); 4.10-4.16 (t, 2H, J = 6.72 Hz, H-1). 
 
13C NMR (75 MHz, CDCl3): δ = 13.5 (C-5); 22.5 (C-4); 27.9 (C-3); 29.0 (C-2); 68.1 (C-1); 
155.6 (C-6). 
 
m/z (GC-MS): 133 (M+ - CH3CH2CH2CH2CH2O(CO)O, 8%), 71 (M+ - 
CH3CH2CH2CH2CH2, 100%), 55 (M+ - CH3CH2CH2CH2, 25%), 43 (M+ - CH3CH2CH2, 
61%), 29 (M+ - CH3CH2, 12%). 
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2
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Di-iso-propyl carbonate 
 
1H NMR (400M Hz, CDCl3): δ = 1.29-1.32 (d, 6H, J = 6.35 Hz, H-2); 4.83-4.90 (m, 1H, 
H-1). 
 
13C NMR (100M Hz, CDCl3): δ = 22.0 (C-2); 71.5 (C-1); 154 (C-3). 
 
m/z (GCMS): 104 (M+ - (CH3)2CHO(CO)C, 18%), 59 (M+ - (CH3)2CHO, 28%), 43 (M+ - 
(CH3)2CH, 100%), 29 (M+ - CH3CH, 5%). 
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Methyl tert-butyl carbonate 
 
1H NMR (400 MHz, CDCl3): δ = 1.50 (s, 9H, H-2); 3.71 (s, 2H, H-3). 
 
13C NMR (100 MHz, CDCl3): δ = 25.6 (C-2); 50.8 (C-1); 76.4 (C-3); 150.9 (C-4). 
 
m/z (GC-MS): 117 (M+ - (CH3)2HCO(CO)OCH3, 33%), 73 (M+ - CH3O(CO)O, 85%), 57 
(M+ - CH3O(CO), 100%), 41 (M+ - CH3OC, 45%), 29 (M+ - CH3O, 16%) 
 
4.5 Catalysts screening protocol  
4.5.1 Homogeneous catalysts 
These reactions were carried out in a batch reactor, where the reagents (PC, methanol) 
were weighed into a 300 mL autoclave reactor, which was then assembled and heated 
to the operating temperature while stirring constantly (±900 RPM). Upon reaching the 
operating temperature, the catalyst dissolved in the alcohol was introduced into the 
reactor, while starting the stopwatch and samples were taken in 1 hour time intervals 
and analysed in a GC.  
 
Example: propylene carbonate (44.39 g; 420 mmol) and methanol (55.60 g; 1730 mmol) 
were weighed into the reactor vessel, when the reaction temperature is reached, NaOH 
(0.42 g; 10.5 mmol) is added to the reaction mixture using a sample bomb pre-
pressurised with N2 gas, and subsequently timing the reaction, and taking samples for 
analysis over time. 
 
4.5.2 Heterogeneous catalysts  
(a) Catalyst-bed preparation 
The catalyst-bed was prepared by plugging the bottom inlet of a reactor with gauze-
wire, glass beads and glass-wool to prevent the catalyst from being pushed-up when 
the feed goes through as shown in Figure 4.2. The catalyst was then weighed and 
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loaded into a reactor, and the outlet of the reactor was closed using the same material 
as in the inlet.  
 
  
 
  
  
 
 
  
 
 
 
 
 
 
 
Figure 4.2: Fixed bed reactor packing 
 
Catalyst bed 
Glass wool 
Glass beads 
Metal gauze 
Feed-in  
(b) Catalytic activity evaluation 
A mixture with methanol to PC mole ratio of 4:1 was pumped at a rate of 1.0 mL/minute 
into a fixed bed reactor using the HPLC pump, equipped with a pressure regulator (6 
bar) and a relief valve (RV) for safety purposes. The reactor was heated using a heating 
tape, and the temperature monitored with a temperature control box. The reaction 
pressure was kept at 6 atmospheres. The picture of a continuous fixed bed reactor set-
up is shown in Figure 4.3. Sample of the mixture were collected into a measuring 
cylinder and analysed using GC. 
Example: a reaction mixture containing methanol (57.55 g; 1800 mmol) and PC (45.95 
g; 450 mmol) was fed into a fixed-bed reactor system, and allowed to pass through a 
resin (Amberlite® IRA 67, 10.0 g) at 100 °C, and thereafter the mixture was collected 
into a measuring cylinder and analysed.  
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Figure 4.2: Fixed bed reactor set-up  
Figure 4.3: A continuous fixed bed reactor set-up used to evaluate the ion 
exchange resins 
 
4.6 Continuous homogenous transesterification protocol 
This reaction was carried out in a 1 Liter three-neck round bottomed flask fitted with a 
10-plate Aldershaw distillation column and a condenser with a reflux timer. Example: 
propylene carbonate (500 g; 4.90 mol) and La(OTf)3 (5.06 g; 8.63 mmol) as catalyst  
were placed in a flask sequentially, and finally some boiling stones. The mixture was 
then heated up slowly to 60 °C with a heating mantle while methanol was added slowly 
into the flask using addition funnel. The temperature of the mixture and that of the 
overheads was monitored using thermocouples that were connected to the temperature 
displaying box. The reaction was carried out under reflux conditions with a reflux timer 
allowing the continuous removal of methanol together with some DMC as an azeotrope 
at 61-65 °C. The samples of the reaction mixture in the reboiler and from the overheads 
flask were frequently analysed using GC.  
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4.7 NMR Experiments 
4.7.1 High temperature reactions- NMR studies 
At this stage of the project, La(OTf)3 and DABCO were the best catalysts systems, and 
therefore these catalysts were selected for NMR studies. These experiments were 
conducted using a Bruker Avance 500 MHz NMR fitted with a 10 mm broad band 
observe (BBO) probe. The reagents were loaded into a high-pressure NMR cell, and 
pressurised with argon (8 bar). After the cell was lowered into the NMR probe, the cell 
was heated to the operating temperature (100 °C; 120 °C and 150 °C), on reaching the 
required temperature, the spectra was recorded in each case until the reaction had 
reached equilibrium.  
 
Example: CD3OD (5.5511 g; 173 mmol), PC (4.3864 g; 43.0 mmol) and DABCO (0.2211 
g; 1.97 mmol) were loaded into the high pressure NMR cell, and heated to the required 
temperature, and thereafter the spectra was recorded every 5 minutes, until the reaction 
reached equilibrium. 
 
4.7.2 Low temperature organic base catalysed reactions-NMR studies 
 In a Bruker Avance 500 MHz NMR instrument, a mixture of propylene carbonate and 
CD3OD was made up and 3 mL of this mixture was transferred using a syringe and into 
a 10 mm NMR tube. The mass of a full syringe was noted. The catalyst was added, and 
the NMR tube was shaken to mix the reagents well and the stopwatch was started 
immediately. The NMR tube was lowered into the probe and spectra recorded every 5 
minutes. The mass of the empty syringe was noted. 
 
Example, a reaction mixture of PC (4.4582 g; 43.70 mmol) and CD3OD (5.5862 g; 
172.45 mmol) was prepared, where 3.0 mL of this mixture was transferred into a 10 mm 
NMR tube. DBN (0.0821 g; 0.661 mmol) was then added to the mixture in a tube, and 
the tube was lowered into the NMR, and the spectra were recorded. 
 
4.7.3 Optimisation of TBD and the tri-iso-butyl Verkade base 
The necessary amounts of propylene carbonate and methanol were placed in a 250 mL, 
three-neck round bottom flask, which was fitted with a condenser and the reaction 
mixture was stirred using a magnetic stirrer while heating to the desired temperature. 
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On reaching the correct temperature, a catalyst that was pre-dissolved in methanol was 
introduced into the flask using a syringe and the stopwatch was started immediatetly. 
The samples were taken over time and analysed using GC.  
 
Example: methanol (65.45 g; 2045.00 mmol) and PC (15.11 g; 140 mmol) were 
weighed into a round bottomed flask.  On reaching 100 °C, the tri-iso-butyl Verkade 
base (0.75 g; 2.2 mmol) that was pre-dissolved in methanol (5.01 g; 156.56 mmol) was 
transferred into the reaction flask using a syringe, while starting the stopwatch and 
samples were taken over time and analysed using  GC.  
 
4.7.4 Optimisation of La(OTf)3 
The required amounts of methanol and propylene carbonate were weighed into the 
autoclave reaction vessel, thereafter it was assembled and heated to the necessary 
temperature while stirring (900 rpm). Upon reaching this temperature, a required 
amount of catalyst that was pre-dissolved in methanol, and loaded into a 50 mL 
stainless steel sample bomb that was pressurised with 6 atmospheres of N2 gas was 
introduced to the reactor and the stopwatch was started simultaneously. The samples 
were taken over a certain time interval and analysed using GC.  
 
Example: methanol (90.22 g; 3131.88 mmol) and PC (16.81 g; 157.84 mmol) were 
weighed into an autoclave reactor, which was then assembled and heated to 150 °C, 
while stirring at 900 RPM. When this temperature was reached, a catalyst that was pre-
dissolved in methanol (10.0 g; 312.0 mmol) and pressurised using N2 gas in a sample 
bomb was introduced into the reaction mixture while starting the stopwatch, and the 
samples were taken over time and analysed. 
 
4.7.5 NMR reactions-optimised conditions for TBD and the Verkade base catalysts 
A volume of 2.5 mL of a catalyst dissolved in CD3OD was transferred into a 10 mml 
NMR tube containing the required amount of PC. The NMR tube was then inserted into 
a Varian 600 MHz Unity Inova NMR instrument at the operating temperature, and the 
stopwatch was started. The spectra were recorded over time to monitor the formation of 
the products and the depletion of PC. The exact amounts of the PC and PG formed 
during the reaction were calculated from the NMR spectra.  
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Example: TBD (0.2059 g; 1.4797 mmol) was dissolved in CD3OD (10.68 g; 333.75 
mmol). The NMR probe temperature was set at 30 °C. 2.0 mL of the above solution was 
transferred to the NMR tube (0.41 g; 4.02 mmol) of PC and the NMR tube was lowered 
to the probe and spectra were recorded every 5 minutes. 
  
4.8 Calculations 
 
The conversion of PC to PG at any time in the NMR experiments was determined from 
the integrals at δ (PC) and δ (PG) as follows: 
 
%Conversion = [integral at δ1.14 /(integral at δ1.46  + integral at δ1.14) x 100] 
 
The yield of DMC at any time in the autoclave experiments was determined as follows: 
 
%DMC Yield = (moles of DMC/ moles of PC started with) x 100 
 
DMC selectivity = (moles of DMC/ total moles DMC and by-products) x 100 
 
The by-products exclude PG, because for every mole of DMC produced there will be 
one mole of PG produced. 
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